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Abstract 
Nanostructured oxides – undoped, doped, composites and nano-heterostructures – having 
different morphologies and compositions were synthesized, characterized and tested under 
realistic operating conditions for their role as potential reactive adsorbents and catalysts in 
different environmental related applications. More specifically, different zinc oxide based 
nanostructures were studied for high and low temperature desulfurization applications. In 
addition, the focus was on moving away from the traditional practice of using oxides only as 
support materials. Oxides have traditionally been assigned the role of support materials in 
applications involving catalysis. As support materials, they are either considered as inert or they 
do occasionally participate indirectly along with more active “dispersed” metals by “strong 
metal-substrate interaction”. This thesis presents results from a set of experiments with 
nanostructured oxide where reactive nature of the bulk oxide core is essential to the overall 
reaction. Most of the experimental schemes that constitute this thesis go beyond the role of 
oxides in surface reactivity to cases where bulk solid state reactivity is important. 
In experiments studying reactive desulfurization, different synthetic techniques were used to 
extend zinc oxide’s temperature range by combining structural and compositional modifications. 
To increase sulfur capacity and uptake rate of ZnO-based sorbents at low/high temperatures, it is 
necessary to achieve a rapid surface reaction and complete bulk sulfidation of the oxide. To 
attain this goal, surface activity and diffusion through the ZnS product layer, must be 
accelerated. Nano-structuring of oxides, controlling the size and morphology together with the 
thoughtful compositional changes can help attain the goal. But bulk of the research has 
concentrated only on improving surface reactivity. In chapter 3, where developing reactive ZnO 
based adsorbents for high temperature syngas-desulfurization is one of the goals, it was 
iii 
 
experimentally demonstrated that a branched nanofibrous architecture combined with mixed 
metal oxide based composition (Zn-Ti-O) offers significantly enhanced sorbent bulk reactivity 
and recyclability, without needing to cycle temperature. Zn-Ti-O based nanofibrous mats offer 
rapid reaction rates and efficient material utilization of the oxide core by overcoming rate 
limiting transport resistance, which often affects conventional pellet-based sorbents. Problems of 
higher energy use, sluggish reactions, incomplete regeneration and progressive decline in activity 
are successfully mitigated. Higher reactivity enables regeneration to be carried out at a 
temperature that is identical to the sulfidation step, preventing damage and extra energy use 
caused by alternating temperatures. The efficient regeneration of the adsorbent is also aided by 
structural features such as the growth of hierarchical nanostructures (secondary nanorods) and 
preferential stabilization of a wurtzite phase in the sulfidation product. Such unique features are 
are attributed exclusively to high-aspect ratio fibrous nature of the sorbent used in this study.  
In the first half of the thesis (Chapter-2), application of reactive oxides to low-temperature 
desulfurization is studied. Here, role of strong metal – metal oxide interaction was found to be 
influential not only in accelerating the surface reactions, as previously observed, but it is seen to 
play a role in improving solid-state reactivity of the oxide as well. Based on the survey of open 
literature, this is the first time such phenomenon has been associated with solid state conversion.  
It was found that nanocomposites of gold-ZnO have more surface acidic sites for hydrolysis of 
thioacetamide (TAA). In addition, presence of gold has a long-range influence on the bulk 
chemistry of ZnO, making the oxide more reactive towards solid state transformations. Addition 
of gold to ZnO resulted in higher equilibrium concentration of defects in the bulk ZnO along 
with the formation of new acidic sites on surface. This reduced the overall energy barrier by 
around 20 kJ/mol. The results from this study suggest that the intrinsic oxide defects and the 
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defects in oxides induced by presence of external metal, which traditionally had been thought to 
be only a localized phenomenon, can possibly play an important role in oxide’s overall solid-
state reactivity.  
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Chapter-1 
 
Introduction 
 
1.1. Characteristics of doped transition metal oxides 
Metal oxides have been performing increasingly important role in many areas of 
materials chemistry, chemical engineering and solid state physics with applications ranging from 
heterogeneous catalysis and photo-electrolysis to gas sensing and electronic device fabrication. 
Large diversity in types of metal oxides means remarkable variety in properties providing 
opportunities for intellectually stimulating research and promising applications.  
Some interesting properties of metal oxides relevant here include presence of cations and 
anions in well-defined spatial (structural) relationships, presence of irregularities in the form of 
structural defects – cationic / anionic vacancies or charged adsorbed species, possibility of 
varying covalent or ionic bonding character between cations /anions, presence of local surface 
acidity and basicity for surface redox reactions, occurrence of strong electrical field normal to 
the surface due to columbic nature of the ionic lattice and their well-known strong interaction 
with incident photons enabling photo-assisted chemistry. 
 The above mentioned electronic and chemical properties can be greatly enhanced or 
attenuated, as desired, by addition of small amount of specific impurity atoms to the host oxide 
lattice or surface, known as dopant. The process of doping can introduce some wanted and some 
unwanted consequences. Dopant disrupts the chemical bonds at the surface of the doped oxide 
thereby making either the host metal atom or the dopant or the oxygen atoms near the dopant 
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more coordinatively unsaturated & resultant higher activity. Thus, as far as the chemical 
reactivity of the oxide goes, addition of dopants can lead to formation of new active sites, which 
often contribute to enhanced catalytic reactivity and/or photo-induced electron transfer.  
 Dopants or heteroatoms /adsorbed molecules on the surface of an oxide can be classified 
as Lewis acid (electron acceptors) or Lewis Base (electron donors) depending on the oxide / 
dopant type. Lewis acid and base always occur in pairs. A dopant which is acid for one oxide can 
act as a base for another. This concept is important to the chemistry of oxides because, for 
instance, the typical fragments formed during a reaction by the dissociative adsorption of 
alkanes, the high-valence dopants (with respect to host cation), the oxygen vacancies, and the 
common impurities, Ti
3+
 and Mn
2+
 cations, are bases and the low-valence dopants, the Mn
4+
 and 
Ti
4+
 cations, and O2, Au, and other electronegative adsorbates, are acids. By examining the 
results from many calculations Metiu et al found that if we coadsorb on the surface of an oxide a 
Lewis base with a Lewis acid, the binding energy of the pair exceeds substantially the sum of the 
binding energy of the compounds alone on the same surface
1
. Thus, the presence of a Lewis base 
on a surface (e.g., an adsorbed CH3 radical, a K atom) increases the binding energy of a Lewis 
acid (e.g., an Au atom or an oxygen molecule). The presence of a Lewis acid on the surface (e.g., 
a dopant having a lower valence than the cation it substitutes in the host oxide) lowers the energy 
of formation of an oxygen vacancy defects because the oxygen vacancy is a base and its 
formation benefits by a large acid–base interaction.  
 There are cases when the dopant and the host cation it substitutes have the same valence. 
There is insufficient literature on such dopant-oxide systems but based on above arguments, such 
dopants most likely do not have a very large influence on the chemistry of the host oxide. An 
exception may be the case when the oxide of the dopant is much more stable than the host oxide 
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and the oxygen–cation bond length in the two oxides are different. An example of this might be 
NiO doped with Mg. 
 Dopants/heteroatoms also affect the electronic structure of semiconducting oxides. 
Dopants can introduce dopant energy level or dopant-induced defect energy level within the 
bandgap of the oxide, and entirely alter the defect equilibria within the oxide. Some dopants or 
surface heteroatoms can enable charge separation (Pt on TiO2 surface) whereas others can 
promote recombination depending upon the relative valence of the dopant with respect to oxide 
lattice. This can be of particular importance for reactions where redox chemistry is important, 
especially in the case of photo-induced catalytic reactions. 
Some issues that can arise by introduction of dopants include difficulty to control formation 
of solid solution as compared to formation of heterostructures/composites, which can be 
controlled by careful preparation technique. In addition, controlling the position of the dopant in 
the lattice determines effect the properties of the system and thus it is important to distinguish 
between substitutional and interstitial. The degree of ‘local’ versus ‘extended’ influence of a 
dopant and relation to optical properties.  
 
1.2. Effect of shape and size in oxide reactivity and selectivity 
Most of the products that we use daily had been in contact with at least one catalyst during their 
production/synthesis. According to an estimate, 80% of all the industrial chemical processes use 
heterogeneous catalysts which together contribute 35% of the world’s GDP1. Accordingly, 
considerable amount of research has gone into discovering, designing and developing suitable 
catalysts for different processes with high reactivity and selectivity. Initial attempts at designing 
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the catalysts were mostly empirical, based on trial and error. Although, many early scientists 
working in the field, including Langmuir, Hinshelwood and Rideal, proposed that the adsorption 
on solid surfaces is a critical step and the structure of the surface plays a crucial role, it was the 
advent of surface-sensitive instruments that catapulted the scientific advances in the area of 
catalyst development. The field transformed into a molecular level science in the 1960s when the 
techniques for preparation of clean single crystal surfaces were pioneered and combined with 
techniques for surface structure and compositional characterization, such as low energy electron 
diffraction (LEED), Auger electron spectroscopy (AES), and X-ray photoelectron spectroscopy 
(XPS). These techniques made it possible to carry out and verify the mechanistic studies of 
different heterogeneous catalytic reactions. Since then, thousands of surface structures have been 
studied. Results from such analytical studies revealed important relationships between the 
catalytic properties (like reactivity and selectivity) and the size and shape of the solid being 
reacted. It has been ascertained repeatedly that for some reactions, there are certain regions on 
the catalyst surface with specific electronic and structural characteristics, which are more active 
than the rest, so called the “active sites”. However, it should be kept in mind that the catalytic 
particles display many different types of sites and only a small portion of those may be 
catalytically active. These sites are often characterized by well-defined local ensembles of atoms 
on the surface of the solid catalyst
2,3
.  
Conventional techniques of catalyst design and preparation, however, have not kept pace with 
these developments. Heterogeneous catalysts are traditionally used along with a support phase. 
Preparation of supported catalysts is most commonly carried out by dispersing an active phase 
(like a metal) over a high surface area support material (like silicates).  The processes results in a 
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wide distribution of particles with ill-defined sizes and shapes. In such traditional processes, 
there is very little control over the type of surface sites.  
It is well known that by reducing the size of the catalyst particles one can attain higher reactivity 
since decreasing the size increases the fraction of surface atoms, which means increasing the 
fraction of atoms with unsaturated bonds. In recent years, there has been a tremendous increase 
in the number of ways in which one can reduce the particle size – from colloidal nanoparticle 
synthesis to dendrimer encapsulation
4
 – all these techniques have enabled production of particles 
as small as 1-2 nm, which contributes a great deal in making the catalysts very reactive.  
However, selectivity of the catalyst, a criterion different than the overall reactivity, still poses a 
significant challenge towards accomplishing successful nanoparticle-based catalysis. A catalytic 
reaction often proceeds via multiple reaction routes and formation of more than one product is 
common:                  Increasing the selectivity of the reaction means increasing the yield of 
one desired product with respect to the undesired product. Increased overall reactivity, though 
advantageous, can contribute to significant amount of side reactions. The current focus in 
catalysis, therefore, seems to be on improving reaction selectivity
5,4
. The ideal situation would be 
to impart the nanoparticle with the selectivity that is comparable to the ligand-directed selectivity 
of metal complexes. Although this goal is still far, improving the selectivity of reactive 
nanoparticle -based catalysis has been a persistent research theme. In this term paper, I will first 
discuss some examples of such gas-solid reaction systems where selectivity is important. Then I 
will discuss how the surface structure influences catalyst particles reaction-selectivity.  This will 
be followed by a literature review of the typical techniques that can be employed for controlling 
the shape and size of the nanoparticles so as to impart the desired selectivity. Towards the end, 
comments and perspectives on recent and possible future developments will be provided.  
C 
D 
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The reactivity of a surface depends on the number of unsaturated bonds on surface atoms. 
Unsaturated bonds arise when a surface is created by cleaving a solid along an atomic plane. 
Former bonds between atoms need to be broken as neighboring metal atoms are removed. For a 
given plane, greater the number of missing neighbors, higher the density of unsaturated bonds 
and higher the reactivity. For instance, a surface atom on FCC(100) is slightly more reactive than 
a surface atom on FCC(111) since the former misses four neighboring atom as compared to 
latter’s three. 
Accordingly, it was proposed that since different crystal planes have different atomic packing 
and atoms on each of these different faces exhibit varying coordination, these different surfaces 
will give rise to different chemisorption properties, and consequently different reactivities 
towards different adsorbates. In order to verify this, it was essential for the researchers to 
perform the reaction in question on model catalyst surfaces.  
One of the earliest examples of this kind was the study of dissociative chemisorption of N2 on 
different single-crystal surfaces of bcc Fe
6
. Researchers used an experimental apparatus that was 
capable of isolating a single crystal from an ultra-high vacuum system after the surface is 
characterized by surface structural techniques. Activity of different crystal surfaces was studied. 
It was confirmed that certain Fe crystal faces have significantly higher catalytic activity than 
other Fe crystal faces (Figure-1.1). The high catalytic activity was attributed to the existence of 
varying atomic arrangement or coordination number. As a result of these and other similar 
investigations of elementary reaction steps, it was concluded that surfaces with less 
coordinatively saturated atoms provide facile and widespread bonding, and as a consequence, 
such surfaces offer lower activation energy for reactions involving dissociative chemisorption as 
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the controlling step. These findings provided the molecular-level understandings for improving 
industrial ammonia (NH3) synthesis processes.  
 
Figure-1.1: Variation of relative coverage of N atoms on the different Fe single-crystal surfaces with 
N2 exposure at 693K
6,2
 
 
1.3. Different methods for controlling the synthesis of nanostructured 
metals and metal oxides   
Crystal-growth rates in directions perpendicular to high-index planes are usually much higher 
than those in directions perpendicular to low-index planes because of the high surface energy 
of high-index planes. As a consequence, high-index planes rapidly disappear during crystal 
growth, and crystals are usually enclosed by low-index facets such as {100} and {111} 
surfaces. In recent years, however, several new synthetic methods have enabled good control 
over the growth and geometry of nanocrystals.  
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Surfactant directed growth  
One way of stabilizing desired facets is to use surfactants during the synthesis step. 
Typically, facet-controlled nanoparticle synthesis is carried out by carefully analyzing the 
relationship between the surface energies of relevant atomic-planes and nature of appropriate 
surfactants. With judicious choice of surfactant, certain crystal planes can be made to remain 
exposed and get stabilized while the surfactant binds preferentially to the other planes. The 
type of exposed crystal planes, and therefore the shape of the nanocrystal, can be controlled 
by using various possible combinations of the surfactants and the nanoparticle crystal planes. 
This idea has been extensively exploited to prepare various facet-controlled 
inorganic nanocrystals.   
In this method, nanocrystals are synthesized in a liquid colloidal solution containing specific 
stabilizing organic surfactants. Such nanocrystals typically consist of a crystalline core and a 
monolayer shell of tightly packed with surfactants that provide them with solubility and, 
hence, with colloidal stability. Evolution of nanocrystal growth is controlled by a 
combination of thermodynamic factors (e.g., relative stability of crystal polymorphs) and 
kinetically-limited processes (e.g., diffusion, surface adhesion of surfactants). By adjusting 
only a few experimental conditions, such as the type and the relative concentration of 
molecular precursors and temperature, one can control all the ongoing thermodynamic and 
kinetic processes with reasonably inexpensive equipments.
 
 This has enabled synthesis of 
nanocrystals with different shapes and sizes with nanometer level precision such as spheres, 
cubes
13-15
 rods, 
16-17
 wires,
15
 tubes, stars
18-19
 disks
20-21
 and polypods
15
 (Figure-4). 
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Figure-1.2: Examples of colloidal NCs with different shapes
23
: (a) TEM images of star-like PbSe 
nanocrystals (b) Fe2O3 tetrapods (c), FePt faceted Nanocrystals (NCs)(d) rise-shaped CdSe NCs (e) 
pencil-shaped CdS NCs (f) high aspect ratio TiO2 nanorods (g) Ag spheroids (h) and rectangular-
shaped Au nanorods. The scale bar in each panel corresponds to 100 nm 
 
Importance of selecting appropriate surfactants is clearly illustrated during the facet-
controlled synthesis of gold nanocrystals
22
. In one study, researchers were able to carry out 
the synthesis of trisoctahedral gold nanocrystals (NCs) by reducing HAuCl4 with ascorbic 
acid at room temperature in the presence of Cetyltrimethylammonium chloride (CTAC) as 
the surfactant. Substituting CTAC with CTAB (Cetyltrimethylammonium Bromide), while 
keeping all the other experimental conditions the same, resulted in rodlike and irregular 
particles in the product instead of trisoctahedral gold NCs. This result indicates that the Cl
−
 
ions play an important role in stabilizing trisoctahedral facets. Role of CTA
+
 ions was also 
critical, since spherically shaped particles were obtained when a comparable amount of NaCl 
was introduced during the synthesis instead of CTAC. These results indicate that the 
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trisoctahedral gold NCs with high-index surfaces result from the interaction of both anion 
and the cationic part of surfactants. 
A relatively recent advance in the field has been the ability to synthesize nanocrystal 
heterostructures
23,24
. Synthesis of such hybrid nanostructures, consisting of different 
materials, depends on the ability to control additional operating-parameters at the nanoscale, 
such as crystal miscibility, interfacial strain etc. Examples of these elaborate nanostructures 
include: (i) core/shell nanocrystals (NCs), in which one or more layers of additional 
inorganic materials are uniformly grown around a NC core, forming an onion-like structure; 
(ii) hetero-dimers or hetero-oligomers, in which two or more spherical domains of different 
materials are joined together sharing specific couples of facets; (iii) matchstick- and 
dumbbell-shaped NCs, made of a rod-like section with one or two spherical particles of 
another material grown either on one or on both of its terminations, respectively; (iv) multi-
armed hybrid NCs comprising linear sections made of consecutive segments of different 
materials. Such hybrid NCs hold promise as first prototypes of “smart” nanosized objects, 
potentially able to perform multiple technological tasks, such as in biomedical engineering, 
diagnostics, sensing and catalysis. 
Growth in Micelles 
By performing chemical reactions inside micelles, it has been shown that they can be used as 
“nano-reactors” and are capable of providing some control over the shapes of a nanocrystal. 
Typically, nanocrystals grown in such confining nano-reactors can adopt morphologies 
resembling those of the micelles themselves. Nonetheless, by varying the preparation 
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conditions, a spherical particle can be made to evolve into rod-like or cylindrical aggregates, 
or planar bilayers.
25
 
Seeded Growth 
Anisotropic growth of noble metal materials (Ag, Au, Pt) has been easily achieved by seed-
mediated reaction schemes
26. In these approaches, preformed (usually spherical) NC “seeds” 
of the desired metallic material are mixed with metal ion-surfactant complexes and 
eventually some additives. The seeds behave as efficient red-ox catalysts for metal ion 
reduction, greatly enhancing heterogeneous nucleation by fast monomer addition to their 
surface. Under the assistance of facet-selective surfactant adhesion, such process leads to 
nanorods, nanowires and also branched nanostructures.
26
 In a seed-mediated growth in 
CTAB solution using Ag
+
 ions as seeds, it was shown that convex gold nanocubes enclosed 
by 24 high-index {720} facets can be prepared in a monodisperse fashion
27
. Using a similar 
seed-mediated synthetic method under identical synthesis conditions, except for the 
replacement of CTAB with CTAC (Fig. 1.3), another group of researchers obtained concave 
shape
28
.  This result demonstrated that a simple change of the halide counterion in the 
surfactant induced a dramatic change in the product morphology and yielded a concave 
rather than convex cubic structure. However, the inherent mechanism remains unclear and 
further efforts aimed at understanding the role of the halide in the particle growth pathway 
are required.  
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Figure-1.3: Illustration showing the effect of the counterion on the seed-mediated synthesis of gold 
nanocrystals with high-index facets: CTAC leads to the formation of concave cubes, and CTAB leads 
to the formation of tetrahexahedral (convex cubes)
27-28
 
 
High energy surface stabilization by non-surfactants 
Small molecules or ions instead of large surfactant molecules can also be utilized for 
selective surface adsorption and the ensuing surface stabilization. One notable example has 
been provided by Yang and coworkers.
29
 They recognized that NO2 can preferentially bind 
to {111} faces of Pd nanoparticles and succeeded in selectively preparing Pd cubes, 
cubooctahedra, and octahedra by using increasing amounts of NO2. They used small Pt cube 
nanoparticles to show that the Pd nanoparticle shape control is not determined by the Pt seed 
shape, thus demonstrating that the NO2 concentration is the determining factor for Pd 
nanoparticle growth; while cube-shaped Pd nanoparticles grew on a cube-shaped Pt 
nanoparticle seed via epitaxy, the presence of NO2 steered the nanoparticle morphology 
towards the cubo-octahedral and octahedral shapes. 
Anisotropic growth induced by external biases 
In cases where magnetic materials are involved, it has been possible to induce anisotropic 
growth of by performing their synthesis in the presence of an external magnetic field. A 
preferential elongation of the nanocrystals along the easy magnetization axis direction has 
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been reported
30
 since the anisotropic growth direction is often the one along a field line. 
Nanowires have been produced also in the presence of electric fields
23
. These approaches can 
be advantageous in that one-dimensional NCs can be produced at the locations where they 
are needed, for instance, between two electrodes. 
Electrochemical methods 
As mentioned in the beginning of this section, controlling the shape of the nanoparticles is 
relatively straightforward with conventional chemical methods (as discussed above). 
However, ensuring that the synthesis results in nanocrystals that are enclosed by high-index 
facets is exceptionally challenging since the growth rate in the direction perpendicular to 
high-index facets is fast, which leads to disappearance of high-index facets. Recently, 
researchers have successfully demonstrated electrochemical method for synthesis of 
nanocrystals with high index facets. Tian et al. employed electrochemical square-wave 
potential routes to facet Pt nanospheres
8
, into Tetrahexahedral (THH) shaped Pt nanocrystals 
(as mentioned earlier in Section-2) enclosed by 24 high-index facets such as {730}, {210}, 
and/or {520} surfaces.  Researchers started with Pt nanospheres electrodeposited on glassy 
carbon (GC) substrate instead of bulk Pt. Electrochemical preparation was carried out in a 
standard three-electrode cell at room temperature. In a typical experiment, authors used 
polycrystalline Pt nanospheres of size about 750 nm electrodeposited on a GC electrode 
inside a solution of 2 mM K2PtCl6 + 0.5 M H2SO4 were used. The Pt nanospheres were then 
subjected to a square-wave treatment, with upper potential 1.20 V and lower potential 
between –0.10 and –0.20 V, at 10 Hz in a solution of 0.1 M H2SO4 + 30 mM ascorbic acid 
for 10 to 60 min. It was proposed that repetitive adsorption/desorption of oxygen caused by 
the square-wave potential played a key role. During the electrochemical treatment, oxides or 
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hydroxides (Oad, OHad), originated from the dissociation of H2O in solution, can readily form 
on the surface of Pt nanocrystals at upper potential (1.20 V). The {111} and {100} facets are 
smooth with high coordinated surface atoms (their coordination numbers are 9 and 8, 
respectively), so oxygen atoms preferentially diffuse/invade into the lattice and replace Pt 
atoms. After desorption of oxygen atoms from the lattice at lower potential (e.g., −0.20 V), 
those displaced Pt atoms cannot always return to their original positions, so the ordered 
surface structure will be destroyed. In contrast, as high-index facets contain many step atoms 
with low coordination number, the oxygen atoms preferentially adsorb at such sites without 
replacing them, so the ordered surfaces are preserved. 
Co-precipitation  
This method involves mixing a solution of salts of the host cation and of the dopant. The 
precipitation is typically achieved by treating the mixture with a chemical, commonly 
Na2CO3 or NaHCO3, that precipitates simultaneously both the cations. The precipitate is 
washed, dried, and calcined at high temperature. An alternative is to precipitate the solid salts 
by evaporating the solvent. 
Incipient Wet Impregnation 
Wet impregnation exposes the pre-synthesized host oxide to a liquid containing the precursor 
of the dopant. The mixture is then dried and heated in air. It is desired that the heating causes 
surface doping rather than a separate phase of the oxide of the dopant, unless the objective of 
synthesis is to specifically form oxide-metal heterostructures. 
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Sol-gel based synthesis of oxides 
The sol–gel process can be described essentially as a network-forming process which broadly 
consists of two steps: solution preparation and subsequent gel formation on ageing and heat 
treatment of the dried gel. 
Preparation of the precursor solution using sol–gel process 
 The starting materials for the process are typically metal salts or metal alkoxides, which 
are reacted in an organic / aqueous solvent whereupon water molecules perform hydrolysis of 
metal alkoxides/salts. Further condensation of the forming compounds leads to formation of 
a gel. The overall acidic hydrolysis and subsequent condensation can be represented by the 
following set of reactions: 
 (  )          (  )                                                         
   (  )    (   )                                                            
 So to obtain the desired metal oxide, one needs to start with a salt or alkoxide of the 
metal involved along with an appropriate solvent (to make a composite, salts of two or more 
metal will need to be used). Due to the small reactant diffusion lengths, much better 
homogeneity can be obtained using this method as compared to methods like oxide-slurry 
mixing or powder mixing. 
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Sol-gel based Electrospinning 
In order to make this process compatible with the electrospinning technique, a polymer is 
typically added during the solution preparation step (before the gel-formation occurs). 
Although direct-spinning without a polymer has also been reported in literature, but it has 
been observed that adding a polymer significantly facilitates the spinning process due to 
polymer’s favorable rheological properties which provide much better control over the 
process. Poly(vinyl pyrolidone) (PVP) is one of the most commonly used polymer due to its 
high solubility in ethanol or water and its good compatibility with many metal alkoxides and 
salts, including titanium isopropoxide and zinc acetate dihydrate. Other polymers, such as 
poly(vinyl alcohol) (PVA), poly(vinyl acetate) (PVAc), polyacrylonitrile (PAN), poly(methyl 
methacrylate) (PMMA), have also been popular. 
 Inclusion of some additives, such as salts and catalysts, is sometimes carried out to 
stabilize the precursor and assist the jetting process. Although only a small amount is 
required, these additives play an important role in stabilizing the solution as well as the jet. 
Catalysts, such as acetic acid can be used to adjust both the hydrolysis and gelation rates 
(Ramaseshan et al., 2007), preventing the solution from blocking the spinneret, thus ensuring 
a continuous spinning. Addition of salt, such as sodium chloride, can increase the charge 
density on the liquid jet and thus reducing the tendency of bead formation during fiber-
spinning (Ramakrishna, 2005). 
Once a gel of desired viscosity is obtained by adjusting the polymer content, it is loaded 
in a syringe with a metal needle and the electrospinning is carried out. 
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The setup for electrospinning consists of three major components: a metallic needle, high 
voltage source and a metallic collector (See Fig-1.4). The metallic needle is called spinneret. 
It is attached to syringe that contains a polymeric solution homogenously mixed with a salt or 
a propoxide solution of the given metal. A syringe pump is used to feed this mixture through 
the spinneret at a controllable rate.  
 
 
 
 
 
 
When a high voltage is applied (typically via DC power), the pendant drop at the tip of the 
metallic needle becomes highly charged with charges induced all over the surface of the 
drop. In addition to the solution's own surface tension, the drop also experiences two other 
forces: electrostatic repulsion due to surface charges and Coulombic force exerted by the 
external electric field. Under the action of these forces, the shape of the drop will distort from 
spherical to conical, commonly known as Taylor cone. Once the strength of the electric field 
exceeds the surface tension of the solution, a liquid jet will be ejected from the nozzle (Li & 
Xia, 2004). This electrified jet then undergoes stretching and whipping process, leading to a 
long, thin thread. Solvent evaporates as the jet continuously elongates, and in the process, the 
thread's diameter starts reducing by several orders. This charged fiber is deposited on the 
Figure-1.4: The basic setup for electrospinning process (Li & Xia, 2004) 
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grounded collector as a randomly oriented, non-woven web or mat. This fiber-mat is first 
vacuum dried and then sintered at elevated temperatures, removing all the organic 
compounds present in the green fibers. Ramaseshan et al. (2007) recently used 
electrospinning to successfully produce ZnO/TiO2 fibers. They investigated these fibers for 
their reactivity against chemical warfare agents. They reported satisfactory performance in 
detoxifying CEES (2-chloroethyl ethyl sulfide) which was being used as a liquid phase 
simulant for mustard agents. 
Heat treatment  
 The as-spun fibers, or otherwise known as green fibers, are composite of inorganic 
material and a polymer template. After lifting the fiber-mat from the metal collector, it needs 
to be sintered at an elevated temperature to burn-off the polymer and obtain the desired 
crystalline phase of the oxide. Due to the polymer removal and sintering of the ceramic 
phase, the diameter of the nanofibers often decreases. The sintering temperature often 
depends on the nature of the oxidic phase that is to be generated.  By controlling the sintering 
temperature, the ramp rate and the duration of heating, properties of the resultant oxide, like 
the composition, phase, and surface roughness, can be varied considerably. These parameters 
become even more important when composite metal oxides are being produced. For instance, 
in this study, in order to make the fibers more resistant to reduction than the fibers with ZnO 
alone, composite fibers of zinc and titanium oxides were prepared using sol-gel technique. 
Various crystalline phases of Zn-Ti-O system that can be obtained depend not only on the 
atomic ratio of Zn/Ti in the precursor solution but also on the temperature and the duration of 
sintering. 
19 
 
1.4. Role of active sites and heterogeneity in catalysis (literature survey) 
Identifying the active sites in a catalyst and revealing the related reaction mechanism are 
considered to be important for the rational development of new or better catalysts for any given 
chemical system. Different types of active sites occur in different materials. In a polycrystalline 
oxide, kink, step edges, cation/anion vacancies, grain boundaries, small adsorbed 
molecules/impurities can all act as actives sites based on the reactants involved. For single 
crystals, some high energy facets can be stabilized and become exposed at the surface of the 
crystal offering higher binding energy and easier adsorption for the reactant molecules, thereby 
increasing the reactivity. A recent study discussed the effect of the shape of the colloidal Pt 
nanoparticles on their catalytic activity during reactions involving electron transfer reactions 
(reaction between hexacyanoferrate (III) and thiosulfate ion)
7
. Different shapes were studied: 
tetrahedral platinum nanoparticles (composed of (111) facets) with sharp corners and edges, 
cubic platinum nanoparticles (composed of (100) facets) with more-rounded corners and edges 
and spherical platinum nanoparticles (composed of numerous (111) and (100) facets). Results 
comparing the activation energy are shown in Figure-1.5. The activation energy of the reaction is 
lowest when tetrahedral platinum nanoparticles are used as the catalyst, while it is the highest 
when cubic platinum nanoparticles are used as the catalyst, where as an intermediate level of 
activation energy is obtained when spherical platinum nanoparticles are used as catalysts. 
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Figure-1.5: Variation in catalytic activity of platinum nanoparticles due to different shapes. The 
activation energy of the reaction is lowest when tetrahedral platinum nanoparticles were used
8. 
A more recent study involving synthesis and testing of platinum (Pt) nanoparticles
8
 as catalyst 
for electro-oxidation of ethanol/formic acid, has shown that employing single nanocrystals with 
unusual shapes like tetrahexahedron  (or THH enclosed by 24 facets) increases the catalytic 
activity immensely. This increase in performance has been linked with the presence of 24 high-
index facets such as {730}, {210}, and/or {520}, which have a large density of atomic steps and 
dangling bonds. These high-energy surfaces were stable thermally (upto 800°C) and chemically 
and exhibit much enhanced (up to 400%) catalytic activity for equivalent Pt surface areas 
(stability discussed in detail in section 3).  
Similar phenomenon has been reported in operation for gold (Au) nanoparticles when being used 
as catalysts for CO oxidation
9
. It was conclusively shown that Au nanoparticles with high-index 
facets, such as {221} planes, show considerably higher activity than a normal polycrystalline 
metal (which are generally bounded by low-index facets ({110}, {100} etc.)). Again, the 
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improved catalytic performance was attributed to the fact that the high-index facets have high-
density atomic steps, ledges, kinks, and dangling bonds.  
The oxidative dehydrogenation of methanol to CO/CO2and H2O demonstrates high sensitivity 
towards the structural inhomogeneities
10
. This reaction can undertake two possible reaction 
pathways:  
  
The selectivity of this reaction between channels A and B depends strongly upon the location of 
the reaction on the nanoparticles. In particular, it was found that the carbon–oxygen bond 
breaking is induced exclusively by the edges and corners of the particles as indicated by the 
schematic in Fig.1.6 leading to the deposition of carbonaceous species (path A) at those sites, 
thereby blocking any further reaction along path A. Thereafter, the dehydrogenation reaction 
(path B) proceeds mainly on the (111) facets of the nanoparticles, similar to the situation on a 
Pd(111) single crystal surface.  
  
 
 
 
 
Figure-1.6: Schematic representation of the supported Pd nanoparticles and the blocking of defect sites 
by carbon species during methanol decomposition
10
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Zaera et al. (2009) carried out temperature programmed olefin isomerization reactions on 
different model single-crystal platinum (Pt) surfaces
11
. Detailed reaction kinetics studied using 
well-defined supported catalysts showed that Pt (111) surfaces preferentially promote the 
isomerization of trans olefins to their cis counterparts. Authors also used self-assembly synthetic 
methods to enhance the fraction of these facets exposed in real catalysts. It was shown that it is 
possible to prepare catalysts that are highly selective for trans-to-cis conversions in olefins.  
In another related example, researchers showed that the photocatalytic activity of oxygen 
evolution (during water splitting reaction) on BiVO4 is proportionally related to the density of 
exposed surfaces having (040) facet
12
. It was assumed that the active sites with a BiV4 structure 
on the exposed (040) facet were responsible for the high activity of O2 evolution. They were able 
to increase the occurrence of 040 facets by increasing the amount of directing agent (TiCl3) used 
during the hydrothermal synthesis of BiVO4.  
These examples show that by controlling the shape of the catalyst nanoparticle, one can 
influence both the reactivity and selectivity, since shape of the particle determines the number 
and nature of the exposed facets, which in-turn determine the atomic density at the faces, edges 
and corners.  
From the literature survey presented above, it appears that the development of tailored catalytic 
structures for attaining enhanced activity/selectivity has come a long way:  from single crystals 
to catalysts - from the early fundamental studies
6
, which investigated single-crystal planes for 
only limited number of metals, to the present-day studies where researchers have devised 
techniques to synthesize highly active and comparatively more practical catalytic nanoparticles, 
which can be actually used to prepare supported catalysts.  
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In relation to synthetic techniques, it appears that techniques involving the conventional 
surfactant-based wet-chemistry will remain focused on refining the ability to generate highly 
homogeneous nanostructures with precise control over their sizes and/or shapes, as this 
ultimately dictates their catalytic as well as opto-electronic and magnetic behavior. 
Work in the field of anisotropic nanocrystal synthetic techniques is expanding rapidly as well, 
since such techniques promise additional degrees of freedom for extending the properties of 
individual materials and enabling nanoscale devices. The progress being made in this field is 
impressive, with room for further investigations so as to assess and consolidate the existing large 
number of techniques into general size and shape guiding synthesis criteria.  
Another possibly interesting development in this field would be to carry out more comprehensive 
investigations that actually evaluate the stability of these high-index facets of nanoparticles under 
repeated experimental conditions. Use-and-throw catalysts are undesirable. However, literature 
on stabilization and maintenance of the proposed nanocrystal shapes under catalytic conditions is 
scarce. Experiments investigating the changes in surface structure over more than one cycle will 
be useful and bring the current technology one step closer to an industrial setup. There is some 
preliminary data in the literature showing that nanoscale materials undergo massive surface 
reconstruction
31
 depending upon the adsorbate-surface interaction. Studies, testing different 
shapes and sizes for different materials, under cyclic condition would prove to be very useful.   
It would also be helpful to carry out further studies that work can consolidate the recent results 
present in the cluttered literature on hetero-nanostructures. This would help in coming up with 
clear design rules for the composition of reactive and structurally-stable hetero-nanostructures. 
On the other hand are the surfactant based methods, which, though well-established, still face the 
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challenge of discovering an effective method for removing strongly interacting surfactants from 
particle surfaces, without affecting the morphology of the nanocrystal.  
Another possible route that has not received much attention is the use of theoretical models, such 
as density functional theory (DFT) in designing the nanoparticles. Steady improvements in DFT, 
over the past few years, mean that it is now possible to tailor surfaces with improved catalytic 
properties from theoretical insights and describe surface catalytic reactions in great detail
32
. It 
can make it easier and faster to understand the variations in catalytic activity from one design to 
another. Such computational designs can also provide unprecedented control over the selectivity 
of a chemical reaction.  Designing catalysts made with insights from theoretical models thus 
holds the potential of unveiling new catalyst- designs and interactions that experimentalists may 
not have apprehended yet. It is very likely that the future progress in this synthetic and 
computational ability will open up access to a completely novel generation of structures suitable 
to uncover newer photovoltaic and catalytic applications with a higher level of performance.  
1.5. Background: Metal oxides as adsorbents/catalyst for desulfurization 
applications 
High temperature desulfurization (>550⁰C) and related challenges  
      Production of syngas via gasification of cellulosic biomass has been gaining considerable 
attention primarily for its potential to contribute to the energy and environmental sustainability. 
There are several benefits that come with this technology especially when the syngas produced 
during gasification is used in an energy-related application. Using biomass residue as an energy 
source ensures that only non-food sources like crop residue, saw and paper mills discards and 
forest wood residue are used as a feedstock. Energy-crops like miscanthus and switchgrass that 
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grow on marginal lands also contribute to biomass feedstock.  Unlike crop-based fuels (e.g. 
grain-ethanol), energy derived from cellulosic biomass feedstock does not interfere with food 
supply or the cost of the food products. In addition, such biomass is found abundantly with broad 
geographic distribution: the United States generates 423 million tons of dry biomass annually 
(Milbrandt, 2005), which has an energy content equivalent to 1.3 billion barrels of oil (boe). 
Moreover, its use as a energy source does not lead to any excess carbon dioxide emissions since 
any CO2 released during its end-use (or during the conversion process) gets recycled during the 
growth of biomass by the process of photosynthesis. Biomass residue has high energy density, 
which is pertinent for energy and power applications. For instance, each ton of corn stover (with 
approximate energy density of 18MJ/kg) has an energy equivalent to 3 barrels of oil. The state of 
Illinois alone produces 28.3 million tons of biomass residue, which is equivalent to 9-15 billion 
gallons of gasoline (Milbrandt, 2005). 
Currently, the most common ways of utilizing biomass for energy applications include processes 
like incineration and combined-cycle-power-generation. These processes come under the 
category of combustion-based methods, which are known to suffer from energy inefficiencies as 
these processes involve combustion (complete oxidation) of the biomass feedstock resulting 
mainly in gases like CO2, water vapor (and tar as a solid by-product) which are less useful 
commercially. 
Biomass gasification is being considered as a particularly attractive technology as it can operate 
with a wide range in the quality and consistency of the feedstock, thus increasing the available 
feedstock and reducing the overall cost.  Depolymerizing the source biomass right down to the 
useful gaseous products like syngas makes this process currently the only established technology 
that can claim to extract most of the energy stored in the raw biomass (Seitarides et al., 2008). 
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The process involves conversion of the given feedstock into raw syngas, a gas mixture consisting 
mainly of hydrogen and carbon monoxide, by reacting the raw material at high temperatures with 
a controlled amount of oxygen and/or steam. Table-1.1 gives the typical range of composition of 
the gas thus produced. (Compositions can vary depending upon the ways in which gasification is 
carried out).  
Table-1.1: Typical exit gas composition from a biomass-based gasifier 
44
 
 
 
 
 
 
 
This raw syngas gas needs to be first cleaned so that the undesired components are removed. 
After performing a gas treatment step, syngas can then be used for several commercially 
valuable applications like production of synthetic liquid fuel (Fischer-Tropsch Process), bulk 
chemical synthesis (methanol, methane, polymers etc), and also as a hydrogen source for other 
technologies like Solid Oxide Fuel Cells (SOFCs). 
 
The primary challenge in using gasification technology for energy-related application is the 
removal of the undesired gaseous components from the raw syngas. On gasification, along with 
the raw syngas, gaseous impurities like sulfur containing species (H2S, COS), ammonia, alkali 
Major components of raw syngas (dry basis, mol%) 
Type of gasifier Fixed bed 
(Downdraft) 
Circulating 
Bed 
Entrained 
Flow 
Gasification 
agent 
Air  H2O O2 
H2 15-21 17-36 29-40 
CO 10-22 36-51 39-45 
CO2 11-13 7-15 18-20 
CH4 1-5 0.1-0.6 0.05-0.1 
C2 0.5-2 1.4-7.5 - 
N2 37-63 0-3 0.1-9 
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oxides, halides etc are also generated due to the volatile contaminants present in the biomass 
residue. The typical composition of some gaseous impurities is given in Table-1.2.  
Table-1.2: Common gaseous impurities in raw syngas (via gasification)
46 
H2S (ppmv, dry)  HCl (ppmv, dry)  NH3 (ppmv, dry)  
50−230 (wood residue)  1−200  (wood, verge 
grass)  
1,000−13,000  (wood)  
 
Many downstream value-addition processes, like Fischer Tropsch synthesis, power 
generation from Solid Oxide Fuel Cells and methanol production, use catalysts that have little 
tolerance with gaseous contaminants. Transition metals / metal oxide catalysts, typically 
employed for such value-addition processes, are especially vulnerable to sulfur containing 
gaseous species like hydrogen sulfide. Apart from being a well-known catalyst poison, presence 
of H2S in the gas stream is the leading cause of corrosion of the pipelines that are used for gas 
transport. Therefore, before raw syngas can be used as an input to a particular downstream 
application, the concentration of gases like H2S need to be brought down to that process’s 
acceptable limits (less than 1 ppm for most value-addition processes).  Beside gaseous 
impurities, tar (condensable heavier hydrocarbons) is also generated during gasification, 
although the amount produced is significantly lesser than that produced during combustion 
(incineration), it needs to be converted into lighter gaseous components. Otherwise, tar will 
condense later and cause premature loss of catalyst activity or clogging of pipelines.  
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1.6. Role of nanostructured oxides 
The unique properties of nanostructured adsorbents have the potential to solve many of the 
problems presently faced by the sorbents during high temperature adsorption and regeneration 
operations. The nanometer-sized grain size in a polycrystalline metal oxide means higher 
specific surface area with relatively high grain-boundary density. This leads to improved gas 
sensitivity and adsorbent reactivity at typical dowstream operational temperatures of 600 to 
900⁰C. A sorbent structure with high specific surface area and sensitivity, like that of 
nanofibrous metal oxides, can prove to be a good alternative to the conventional bulk sorbents, 
especially at mid-high temperature operating conditions.  
In addition to causing higher specific area to the nanostructured adsorbents, the smaller grain 
size, on the of the order of few nanometers, imply that their size (5 – 10 nm) is comparable to the 
Debye length (Huang & Wan, 2009), which is responsible for the higher sensitivity of 
nanostructured materials to the polar gases like H2S than their bulk counterparts. Moreover, the 
surfaces of such nanostructured polycrystalline metal oxides are known to carry high density of 
grain boundaries (Ra et al., 2010). The increased density of grain boundaries not only increase 
the number of active adsorption sites but it is being hypothesized here that they may also act as a 
nano-scale expansion joints which can compensate for any thermal or reaction induced 
volumetric changes. Molar volume of ZnS being 1.64 times larger than that of ZnO, volumetric 
changes have been identified by Harrison (1998) and Poston (1996) as one of the main causes of 
sorbent degradation. 
Furthermore, nanostructuring leads to smaller diffusion lengths, thus minimizing the diffusion 
resistances involved. This improved mass transfer is especially desirable when reactions 
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involved have reasonably fast inherent kinetics but are mainly limited by the poor mass transfer 
(the case of sulfidation reaction between H2S and ZnO, as shown by Focht et al., 1989). Figure 
1.7 shows a micrograph of the cross-section of a 4 mm ZnO pellet after sulfidation (Engelhard

 
Zn-9201E). Clearly, sulfidation (ZnS formation) was limited only to a region that was close to 
the outermost surface and much of the remaining pellet remains un-utilized.  
 
 
 
 
 
 
All the above-mentioned advantages of the nanostructured sorbent promises improved utilization 
of the sorbent material along with the prospects of longer adsorbent life even with operations 
involving repeated regeneration. However, the above stated benefits can be practically realized 
only if a nano-fabrication technique can lead to quantities that are adequate for large-scale 
production. The common techniques currently popular for the nanostructuring or nanofabrication 
of a material like metal oxides include processes like hydrothermal growth (Du et al., 2006), 
electrochemical deposition (Li et al., 2007), vapor-phase transport (Huang et al., 2001), pulsed 
laser deposition (Sun et al., 2004), thermal oxidation (Guo et al., 2008) and microwave thermal 
evaporation (Cheng et al., 2007). Currently, none of these techniques can claim to have 
production rates compatible with a commercial-scale application. Recently, however, the process 
Figure- 1.7 Adsorption of H2S on a commercial ZnO pellet (4mm diameter, Engelhard

 Inc. 
Zn-9201E). Reaction limited to outermost region. 
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of electrospinning, a top-down nanofabrication process mainly known for polymeric nanofibers, 
has been successfully employed for the synthesis of ceramic fiber-mats with the size of the 
individual fibers reported to be in the range between 40 nm to 700 nm (Park et al., 2010; 
Sigmund et al., 2006, Ramaseshan et al., 2007). The process of preparing non-woven fiber mats 
by continuous fiber-spinning using electrospinning has been shown to be easily scalable to 
operations requiring large production (Ramakrishna, 2005).  
The non-woven fiber-mat-based architecture of the electrospun sorbents has a potential to offer 
an alternative design to the conventionally used sorbent structure, which is typically in the form 
of pellets-base active oxides inside packed beds. In order to increase the available surface area of 
conventional pellet-based sorbents, each pellet has to be made porous. But increasing surface 
area means decreasing pore sizes. The size of the pores varies inversely with the specific surface 
area of the sorbent. Thus, it is possible to synthesize very high surface area pellets but the 
resultant sorbent may not be very effective due to the excessive mass transfer resistance 
generated by the extremely small pores, which limits gas penetration and as a result much of the 
surface area remains underutilized. This problem of poor gas penetration on increasing surface 
area gets decoupled when a fiber-mat based structure with porous fibers is used. Chapter 3 
discusses the experimental details and results.  
1.7. Motivation 
 One option that has been little explored involves investigation of structured sorbent materials 
having microstructures and surface morphologies that can be tailored to suit the process. 
Integration of such capability with the material's inherent favorable thermodynamics and kinetics 
can lead to a better sorbent performance. However, conventional bulk scale sorbent designs will 
31 
 
not be able to fully utilize the benefits that arise from the control of the microstructure and 
associated sorbent morphology. The approach, therefore, should be to come up with a sorbent 
architecture that facilitates such control so that it is able to maximize the advantages associated 
with the nanostructuring. This aspect becomes particularly important for some adsorbent 
applications; for instance, mass-transfer controlled processes which involve relatively fast 
chemical reactions. High temperature desulfurization is one such case. Focht et al., (1989) and 
Harrison (1998) argued that the time for intrinsic chemical reaction between Zinc oxide and 
hydrogen sulfide is comparatively short and gas & product layer diffusion are the controlling 
steps. Wang & Flytzani-Stephanopoulos (2005) reached a similar conclusion with cerium oxide 
as the desulfurizing agent. Authors recommended short contact time so that deep sulfidation can 
be avoided and it becomes feasible to carry out complete sorbent regeneration in the subsequent 
step. As short contact time necessitates the use of high gas velocity, the use of conventional bulk 
sorbent will not only lead to significant pressure drop but will also lead to underutilization of the 
sorbent material because of the large diffusion lengths. Sorbents with tailored designs and sizes, 
however, can help in overcoming such limitations by providing considerably higher specific 
surface area and short diffusion lengths for minimizing the mass transfer resistances. 
Nanosizing of the sorbent seems to be a good alternative.  However, nanosizing alone cannot 
solve the problem. Sorbent in the form of nano-particles will tend to aggregate and can lead to 
diffusion limitations similar to bulk sorbents. Dispersion of the particles on a support structure 
seems to be another option; however, being adsorbent (and not catalyst), they will be needed in 
comparatively larger quantities and catalyst-like dispersion on a support surface may limit the 
sulfur removal capacity.  Therefore, what is needed is a synthesis technique that can produce 
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nanoscale sorbent structures that do not tend to aggregate and are amenable to scale up so as to 
retain high sulfur removal capacity.  
Ceramic nanofibers prepared using the process of electrospinning can demonstrate such 
potential. This process can be used to synthesize high surface area fiber mats made up of metal 
oxide fibers with diameter as small as 50 nm (Li & Xia, 2004; Sigmund et al., 2006; Dai et al., 
2011). Because of their high aspect ratio, these nanofibers tend to remain isolated; thus, 
potentially providing a more suitable framework for carrying out frequent cyclic sulfidation-
regeneration operation. Such high aspect ratio nanoscale structures not only retain the favorable 
thermodynamics and chemical affinity of their bulk equivalents but also develop useful 
properties due to anisotropic geometry and reduced grain sizes. Given that the reactions involved 
are inherently fast, abovementioned properties of the nanofibers, along with the operating 
conditions that facilitate short contacting time, can help in limiting the excessive volumetric 
changes that typically result in sorbent failure in cyclic sulfidation/regeneration operation. Thus, 
it is expected that the use of sorbents in the form of stacked fiber-mats made from such 
nanofibers can not only lead to considerably higher specific surface area and improved mass-
transfer, but they may also contribute to an improved mechanical integrity during high 
temperature multi-cycle operation. 
Oxide-metal composites for low temperature desulfurization 
In some emerging technologies, for example, low-temperature polymer electrolyte fuel cells 
(PEMFCs), there are some additional challenges for performing desulfurization. For PEMFCs, 
desulfurization requirements are more stringent and the concentration of sulfur-containing 
species in feed cannot exceed 0.1 ppm, and in addition, the desulfurization should be done at 
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moderate temperatures (50–150 °C) to simplify the process scheme. At low temperatures, the 
surface reaction itself becomes slow. As noted earlier, ZnO based adsorbents work ideally only 
in the temperature range of 300-450°C. Thus, in order to enhance the reactivity we need a 
catalyst in addition to nanostructuring. Although the reactivity and diffusion become sluggish, 
there are some material-based advantages when working at lower temperatures. The lower 
temperature operation offers solution to many problems associated with high temperature 
operation. For instance, sintering and subsequent loss of surface area, reduction to volatile 
metallic forms, and heat related volumetric changes can all be avoided or minimized which 
otherwise would have led to chemical deactivation and mechanical degradation of the adsorbent. 
However, at these lower temperatures the reactivity of the sorbent gets diminished.  In chapter 2, 
experimental investigation of gold-ZnO nanocomposites as low temperature desulfurization 
adsorbent is presented.  
1.8. Thesis Objectives 
Carrying out desulfurization at extreme temperatures that require reactive oxides is required in 
many emerging and existing applications. This thesis explores ways to extend zinc oxide’s 
temperature range by combining structural and compositional modifications. To increase sulfur 
capacity and uptake rate of ZnO-based sorbents at low/high temperatures, it is necessary to 
achieve a rapid surface reaction and complete bulk sulfidation of the oxide. To attain this goal, 
surface activity, diffusion through the ZnS product layer, must be accelerated. Nano-structuring 
of oxides, controlling the size and morphology together with the deliberate compositional 
changes, has enabled good control over most of the above mentioned structural, compositional 
and electronic properties enabling novel applications. However, bulk of the research in the field 
has been confined to area of surface science typically studying model catalytic reactions where 
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system containing oxide consists of well-defined single crystals with perfectly flat surfaces under 
vacuum or pristine gas atmospheres. Investigation is strictly confined to surface phenomena and 
number of important engineering concerns like bulk mass/heat transfer are often considered as 
artifacts and thoroughly avoided during the investigation. Yet, there are chemical / petro-
chemical / electronic products worth billions of dollars manufactured every year that rely on real 
catalysts that employ highly heterogeneous doped oxides/ metal/metal oxide systems that have 
several structural/chemical defects and are operated in extreme operating conditions. Small 
portion of studies that try to bridge the gap, often rely solely on measuring ensemble scale 
measurements that are inadequate especially when dealing with highly heterogeneous doped 
nanostructures.  
This gap between research and actual practice widens even more in applications that 
involve non-catalytic gas-solid reactions like use of oxide-based adsorbents for environmental 
clean-up where mass transfer (gas-solid and lattice diffusion) often control the overall reaction 
rate and bulk of the oxide undergoes solid-state reactive transformation.   
Thus, the larger aim of this work is to attempt to address the above-mentioned issues that 
can potentially contribute to rational development of oxide based materials for environment-
related applications. The two central issues of real oxide based systems, namely, the presence of 
heterogeneity and occurrence of reactive solid state transition, were tackled by making sure that 
instead of model single crystal surface, we work on existing commercially available oxides or 
oxides employing synthesis techniques that are amenable to large-scale production. Following 
are more specific objectives of the current work: 
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(i) Studying oxide-based systems under realistic operating conditions where bulk of the 
oxide undergoes reactive transformation (stoichiometric / catalysed both are being 
studied in parallel). Specifically, nanostructured ZnO based systems (in the form of 
complex metal oxide (ZnTiO3) and gold-promoted ZnO are being investigated  for 
their desulfurization potential during which multiphase fluid-solid reaction is 
resulting in solid state transition (metal oxide-metal sulfide conversion). This goal is 
further subdivided into preparing separate ZnO based adsorbents: one that can operate 
at high temperature and one that can operate at low temperature. 
 
1.8.1. Development of regenerable adsorbents for high temperature 
desulfurization applications 
 
The proposed approach for providing solution to the challenges of high 
temperature desulfurization is to develop and investigate the nanostructured fiber-
mats produced via electrospinning for their potential to provide a sorbent 
architecture that is amenable to a fast and a fully regenerable operation, 
specifically when being used as a multi-cycle, high temperature adsorbent during 
the removal of H2S from the biomass-derived syngas. The sol-gel based 
electrospinning was used to synthesize composite nanofibers containing mixed 
metal oxides of zinc and titanium. Zinc oxide was chosen because of its high 
sulfur removal capacity due to its favorable thermodynamics and reasonably fast 
kinetics. However, as discussed in earlier sections, ZnO needs to be mixed with 
titanium dioxide to limit its tendency to get reduced to the highly volatile zinc 
metal when operating at high temperatures (> 600C). In order to achieve this 
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objective, electrospun zinc titanate fiber-mats were subjected to reduction (with 
4% H2 gas), sulfidation (with 1% H2S) and regeneration reactions (with 3% O2) 
and a detailed investigation of the overall reaction rates and the associated 
compositional and morphological changes was carried out. The technique of 
thermo-gravimetric an8alysis (TGA) was used to measure the chemical reaction 
rates for each of the operations mentioned above. Kinetic parameters, like the 
activation energy and the rate constant involved, will be estimated. Using the 
values of these kinetic parameters, the effect of unique microstructure (nanoscale 
grain sizes, higher density of grain boundaries etc.), generated as a result of 
employing nanostructuring technique of electrospinning, will then be studied. The 
reaction rate parameters obtained for these nanofibrous sorbent will be compared 
with the values reported for their bulk-counterparts as reported previously in the 
published literature. Focus will be on the effect of nanostructuring on the mixed 
sorbent’s ability to resist deactivation caused by cyclic use in reduction. In 
addition to measurement of the regeneration kinetics, regeneration performance 
will be evaluated by investigating the compositional changes that occur during the 
process. This is important for monitoring the formation of compounds like zinc 
sulfate during regeneration, which, on successive regenerations, can quickly 
shorten the sorbent life. This will be carried out by making use of the analytical 
techniques like XPS, which can easily capture the difference arising from the 
changes in the element’s (here zinc) bonding by causing shift in the spectral 
peaks. Also, changes in morphology, composition, and crystalline phases will be 
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studied by characterizing the specimen from techniques of BET, SEM, EDX and 
XRD.  
To summarize, the main objectives of the project involving development of high 
temperature desulfurization adsorbents can be summarized as follows: 
 To investigate if a fibrous sorbent architecture, as provided by the electrospun fiber 
mats, is more effective in extending the lifetime of a given sorbent during a multi-
cycle operation. 
 To carry out mathematical modeling of the sulfidation reaction with oxide core for 
determining the rate-controlling step in the overall non-catalytic gas-solid reaction 
between the H2S and the zinc oxide based sorbents. 
 Determining the extent to which Zn-Ti-O nanocomposite fibers impact sorbent’s 
overall resistance to the deactivation, which occurs during the reduction reaction. 
 To investigate how surface reconstruction during gas adsorption affects the 
subsequent regeneration properties of the sorbent 
 
1.8.2. Development and testing of low-temperature zinc oxide based 
catalytic adsorbent 
 
Zinc oxide based materials are good candidate for the role of sulfur adsorbents in 
application requiring low temperature because of the favorable thermodynamics. 
However, sluggish reaction/adsorption kinetics at low temperatures often necessitates use 
of high operating temperatures, resulting in energy inefficiencies and accompanying 
chemical reduction, decrease in specific surface area, volatilization and physical 
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degradation of the sorbent. The objective of this research investigation is to develop a 
low-temperature catalytic adsorbent, which can provide accelerated reaction 
accompanied with higher capacity. To do so, the potential of noble metals as catalysts for 
synergistically enhancing the reactivity of the metal oxide towards organosulfur 
compounds will be examined. Gold-promoted ZnO nano-composites performance at low 
temperature (less than 340K) will be investigated by carrying out catalytic decomposition 
of thioacetamide, an organo-sulfur compound soluble in water, which is accompanied by 
reactive transformation of zinc oxide to zinc sulfide. The performance will be 
benchmarked against the pure ZnO nanoparticles by measuring it sulfidation under 
similar experimental conditions. The conversion will be measured using X-ray diffraction 
and analytical electron microscopy. Mass-spectrometry, surface plasmon spectroscopy 
and infrared spectroscopy are also being used to obtain mechanistic details of the 
catalytic effect of gold 
The temperature-dependent performance of the Au/ZnO sorbent will be investigated 
using X-ray diffraction after each reaction (for measuring extent of ZnS formation) and 
timed UV-Vis absorption of reactants (for measuring relative rates of molecule 
decomposition and zinc oxide disappearance). Temperature-dependent reaction rate data 
for Au-ZnO and ZnO will be used to estimate the overall net activation energy of the two 
adsorbents. 
The mechanistic details of the surface reaction in this multiphase reaction will be 
deduced by performing diffuse reflectance infrared-based spectroscopy or DRIFTS (on 
reacted Au-ZnO, pure Au, pure ZnO) to identify the differences in the surface 
intermediates and active sites. XPS and mass spectrometry along with analytical electron 
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microscopy (STEM-EDS) will also be used to analyze partially-converted reactants and 
products. 
 
1.9. Organization of the text 
Chapter-2 provides the details of the experiments conducted to synthesize, characterize and 
test low temperature desulfurization adsorbents made from Au-ZnO nanocomposites. The 
mechanistic details, kinetics and rate analysis and structural characterization are included.  
Chapter-3 discusses the results obtained from the experimental investigation of the response 
of the nanofibrous Zn-Ti-O based sorbent for high temperature desulfurization applications. It 
also describes the setup used for carrying out the sulfidation and regeneration experiments with 
the electrospun adsorbents. An attempt is made to correlate the results obtained from the reaction 
experiments with the results from the characterization of microstructure of the sorbent 
specimens. The chapter also proposes a mathematical model for the sulfidation reaction based on 
the reaction rate data collected using the TGA setup.  
In Chapter 4, the major findings of this work and important conclusions drawn using these 
findings are presented. The chapter ends with couple of recommendations and some ideas for the 
direction of the future research work.  
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Chapter-2 
 
 
Gold-ZnO nanocomposites as catalytic 
adsorbent for organo-sulfur compounds 
 
 
2.1. Metal oxides as adsorbents for low temperature desulfurization 
Sulfur-containing compounds occur as a natural contaminant in all the major fuel 
feedstock including crude oil, coal, natural gas and biomass-derived syngas. These impurities are 
often associated with problems like equipment corrosion, downstream catalyst poisoning, and 
environmental pollution. Accordingly, the sulfur content in the fuel is often strictly regulated by 
environment-protection agencies around the world. One way of removing sulfur is to use solid 
adsorbents to selectively separate sulfur-components from raw fuel. Metal oxide based 
adsorbents can be used for reactive adsorption of such organo-sulfur compounds. Poor reaction 
kinetics, however, requires high operating temperatures (>400˚C), which results in large energy 
costs accompanied with chemical reduction and physical degradation of the adsorbent, which 
results in lower capacity and underutilization of the adsorbent
1-3
. Thus, developing adsorbents 
that can have high-sulfur removal capacity at low-temperature is highly desirable. 
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Zinc oxide is known for its favorable thermodynamics for its reaction with sulfur 
containing compounds, which provides it with high sulfur-removal capacity. However, sluggish 
kinetics of a fluid-solid reaction (ZnO + CxHzSy → ZnS) does not favor low temperature 
application, which necessitates use of a catalyst for accelerating reaction. This study investigates 
if it is possible to use noble metals to synergistically enhance the reactivity of a host metal oxide 
towards organo-sulfur impurities at low temperatures.  
Nanometer-sized gold has recently proven to be an efficient heterogeneous catalyst with 
high catalytic activity for selective reduction/oxidation reactions including CO oxidation, 
selective hydrocarbon oxidation, methanol synthesis, water-gas shift reaction and hydrogenation 
reactions
4-8
. Well-dispersed nano-sized gold is thought to have strong interaction with the 
supporting metal oxide. It has been previously proposed in literature that metals in contact with 
oxides can change the defect equilibria in oxides making them more reactive
 
(Frost, 1988). It 
should be noted that previous literature effect of this metal-metal oxide interaction has been 
studied only with respect to chemical reactions happening at the surface while bulk of the metal 
oxide remains unreacted. In this study, we examine a reactive system in which the entire ZnO 
undergoes a solid-state transition to form ZnS. This study not only shows how to make the 
catalyst composites more practical for applications involving reactive adsorption where bulk 
oxide undergo reactive transition (resulting in higher adsorption capacity), it also demonstrates 
the effect of oxide-metal interaction on solid-state reactivity of oxide nanoparticles, an area 
mostly unexplored in previous literature. The model system of Au-ZnO nanocomposites were 
chosen for above-mentioned reasons. The system being studied here involves reaction of 
thioacetamide, a sulfur-containing organic molecule, with ZnO and Au-ZnO. The reactive 
performance is examined by monitoring the rate and the extent of disappearance of ZnO by UV-
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Vis absorption spectroscopy and XRD analysis. XPS, DRIFTS, TEM and EPR were also used to 
characterize the as-synthesized and reacted materials. 
2.2. Sample preparation and characterization 
Scheme-1 (Figure 2.1) depicts the multiphase reaction between aqueous solution of 
thioacetamide and Au-ZnO composite, which involves molecular bond cleavage at the surface of 
the composite followed by the abstraction of thus-generated reactive sulfur species by ZnO 
leading to formation of ZnS. Au-ZnO (2wt% Au loading) solid composites were synthesized by 
incipient wet impregnation method that involves in-situ reduction and precipitation of gold 
chloride (HAuCl4.3H2O) on pre-synthesized ZnO nanoparticles (Nanotek
®
, colloidal (aq.)) by 
using sodium borohydride (NaBH4) as a reductant (Zhong et al., 2007). A typical synthesis 
procedure is described in the section below.  
2.2.1. Synthesis of Au-ZnO nanocomposites 
Au-ZnO solid nanocomposites were prepared by incipient impregnation method. The 
nominal amount of gold loaded on ZnO was 2 wt.% HAuCl4.3H2O solution (10mM) was added 
dropwise into a solution containing pre-synthesized ZnO nanoparticles dispersed in water (95% 
within 10-40nm., Alfa-Aesar Nanotek
®
) under vigorous stirring and room temperature. After 10-
15 minutes of stirring, the solution flask is put into a sonicator bath and NaBH4 is introduced into 
the solution via rapid injection. The color of the contents of the flask turned from white to pink. 
The solution was left in sonicator bath for around 5 minutes, after which, it is stirred again for 2 
hours. After aging for 2 hours, the resultant suspension was centrifuged and the precipitant was 
washed with deionized water at least two times and finally, the washed precipitant is re-dispersed 
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in water using sonication at room temperature. The pH value of all the samples, as measured, 
was found to range within 6.7 to 7.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. Schematic depicting the observed overall conversion during the reaction between Au-ZnO 
and TAA. Upon reaction, TAA is broken down into a reactive sulfur species, which are adsorbed by ZnO, 
and sulfur-free organic compounds acetamide and/or acetic acid 
 
2.2.2. Sample characterization by TEM, UV-Vis, XRD 
Figure 2.2 shows the TEM images of the resultant Au-ZnO nanocomposites. Also shown 
is the size distribution of the gold nanoparticles (Figure 2.3). The average diameter of the gold 
nanoparticles is 3.76 nm.  The average size of pre-synthesized ZnO nanoparticles is 40 nm (as 
labeled by the manufacturer). Figure 2.4(a) shows the UV-Visible absorbance spectrum of the 
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as-synthesized catalysts shows gold’s plasmon resonance at a wavelength of around 520 nm. 
ZnO excitonic peak, corresponding to ZnO bandgap, appears at wavelength of around 371 nm. 
XRD analysis detected the presence of crystalline gold and ZnO wurtzite phase (Figure 2.4(b)). 
XPS and DRIFTS analysis were also used for material characterization (Section 2.6). 
 
Figure 2.2. TEM images of the as-synthesized Au-ZnO nanocomposites: a-d, Representative TEM 
images of as-synthesized 2% Au-ZnO by incipient wet impregnation method.  
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Figure 2.3. A histogram showing the size distribution of gold nanoparticles as-deposited on ZnO. 
Figure 2.4. UV-Vis & XRD characterization of as-synthesized Au-ZnO nanocomposites: a, A 
representative UV-Vis absorption of as-synthesized Au-ZnO showing ZnO excitonic peak at 370 nm and 
broad peak corresponding to gold plasmon at around 525 nm. b, A representative XRD of fresh Au-ZnO. 
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TEM images shown in Figure 2.2 were taken using JEOL 2010F, operated at 200kV. The gold 
nanoparticle size distribution was calculated using image processing software (Image-J) and 
mean size is based by averaging the size of 116 particles. The sample for TEM were prepared by 
the dispersing the colloidal, as-synthesized sample (diluted by 400 times by volume) on a TEM 
grid which consisted of holey ultrathin carbon film supported on copper mesh (400 mesh size).  
 
2.3. Reactivity analysis 
A typical reaction procedure begins by adding stoichiometric amount of aqueous thioacetamide 
solution to colloidal aqueous suspension of Au-ZnO or ZnO nanoparticulates. The reaction 
mixture is then heated at a fixed temperature and pH and constant duration while being 
magnetically stirred. The pH for all the experiments in this study was measured ranging between 
6.7 to 7.1. Overall reaction is proposed as ZnO + C2H5NS → ZnS + C2H5NO. In order to 
measure the extent of conversion (sulfidation) at a given temperature, XRD analysis was 
performed on reacted ZnO and Au-ZnO. Figure 2.5 compares the extent of reactive conversion 
of Au-ZnO composites with that of pure ZnO nanoparticles. As shown in the figure, two 
different forms of Au-ZnO composites were studied: one was prepared by incipient wet 
impregnation method as described earlier (AuZnO-1), whereas the other composite was obtained 
from colloidal-deposition which involved mixing of pre-synthesized colloidal gold with ZnO 
dispersion (labeled as AuZnO-2, see Methods section for synthesis). Both composites consist of 
same proportion of gold (2 wt% with respect to ZnO).  
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Figure 2.5. Extent of conversion as a function of reaction temperature  derived from XRD analysis. Each 
reaction was carried out for a fixed duration of 120 min 
 
 
Final fractional conversions, as plotted in Figure 2.5 were measured by calculating the ratio of 
area-averaged intensity of ZnS (111) to ZnO (101) peaks in the XRD spectra (Figure 2.6). The 
extent of sulfidation of reacted ZnO and Au-ZnO carried out at different temperatures is 
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estimated by finding the phase composition of each sulfided sample (Figure 2.6), which is 
calculated by carrying out profile fitting of the diffraction peaks using MDI-Jade
®
 software 
routine. The fractional conversion is defined as the proportion of RIR-normalized integrated area 
under the fitted peak for ZnS ((111) peak, sphalerite, PDF#05-0566) with respect to the sum of 
area under the ZnS(111) and ZnO (101) peak (wurtzite, PDF#36-1451). The fraction conversion, 
X, is thus given as follows 
 
 
X    = 
 
 
where, IZnS and IZnO are the integrated area under the ZnS (111) and ZnO (101) peak respectively. 
Reference intensity ratios used are as RIRZnS = 3.9 and RIRZnO = 5.4 as per the MDI Jade 
database. 
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Figure 2.6. XRD data used for estimation of extent of sulfidation (as used in Figure 2.5): (a) Sulfided Au-
ZnO and (b) ZnO at different temperatures 
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Both of the oxide-metal composites performed better than the pure oxide. It is likely that the 
presence of gold in the composite accelerates the decomposition of thioacetamide and/or 
subsequent adsorption by ZnO that captures the cleaved sulfur-containing reactive species.  
AuZnO-2 was found to be less reactive than AuZnO-1, while pure ZnO showed least amount of 
conversion. The difference in performance of AuZnO-1 and AuZnO-2 is possibly due to the 
difference in the interfacial interaction between Au and ZnO in the two samples. In case of 
AuZnO-2, presence of organic surfactants from the synthesis can interfere with the surface 
interaction between the metal and metal oxide. Au-ZnO-1, on the other hand, was prepared via 
in-situ reduction precipitation method that does not involve surfactants. Therefore, it is possible 
that higher conversion efficiency shown by sample-1 was due to stronger intimate interaction 
between Au and ZnO. AuZnO-1 was selected as the model gold-composite for the remainder of 
the experimental analysis.  
In order to compare the overall kinetics of sulfidation for zinc oxide and AuZnO samples, the 
initial rate of reaction was measured as a function of fixed temperature. From this temperature 
dependent data, the activation barrier was calculated for both AuZnO-1 and ZnO. Known 
amount of oxide or metal-oxide in a colloidal dispersion was reacted with thioacetamide solution 
(added in proportional stoichiometric excess). Different temperatures used for the reaction were 
43⁰C, 48⁰C, 61⁰C and 70⁰C. For ZnO, the reaction temperatures were 48⁰C, 56⁰C, 61⁰C and 
71⁰C. The reaction temperature was maintained by use of controlled hot water-circulating bath. 
The overall rate of reaction was estimated by assessing the disappearance of ZnO with time as 
manifested as a decrease in the absorbance of the ZnO excitonic peak in sequential UV-Visible 
spectra of the colloidal reaction mixture, as shown in Figure 2.7 for a representative run. The 
variation in normalized absorbance with time was used to plot the temporal concentration profile 
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as shown in Figure 2.8 for a representative run at T = 48⁰C. (Note that A/A0 is proportional to 
C/C0). Figure 2.9 shows as a function of temperature the time-dependent decrease in the ZnO 
amount in Au-ZnO composites as the ZnO reacts with TAA. The slope obtained from a linear fit 
of the initial decrease in the amount of ZnO is a measure of the rate of the reaction. As expected, 
higher temperature resulted in higher rates and for all test temperatures, the rate of reaction was 
higher for oxide-metal composite sample. The initial rates thus calculated are used to generate 
Arrhenius plots. Arrhenius plots of the temperature-rate data were used to derive and compare 
the activation barrier of the overall reaction for AuZnO-1 and ZnO, as shown in Figure 2.10. It 
was found that the activation energy required for sulfidation with TAA was smaller for AuZnO-1 
by ca. 20 kJ /mol. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7. Representative data showing temporal variation of excitonic peak of ZnO in UV-Vis 
absorption spectra of ZnO as reaction proceeds at a fixed temperature (56⁰C) 
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Figure 2.8. Representative concentration-time profile for Au-ZnO-conversion at 48⁰C. Only 
data from first few minutes, as shown in the red box, is used to derive the rates 
 
 
 
 
 
 
 
 
  
Figure 2.9. Initial concentration-time profiles for Au-ZnO conversion at different temperatures 
are fitted with linear profiles to derive the initial sulfidation rates 
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Figure 2.10. Arrhenius plots of the temperature-rate data were used to derive and compare the activation 
barrier for sulfidation of Au-ZnO (red) and ZnO (black) 
 
 
2.4. Calculation & method for estimating rates & activation energy 
To estimate and compare the activation energy for the two samples, initial rates for TAA reaction 
with Au-ZnO and ZnO were measured at different temperatures. Temperatures used for 
thioacetamide (TAA) reaction with Au-ZnO were 43⁰C, 48⁰C, 61⁰C and 70⁰C. For ZnO, the 
reaction temperatures were 48⁰C, 56⁰C, 61⁰C and 71⁰C. The reaction is carried out in a standard 
plastic cuvette for the spectrometer filled with the colloidal sample with a ZnO concentration of 
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0.02mmol. The solution in the cuvette is heated isothermally using a water-circulating bath. 
Once the temperature reaches the desired set temperature, thioacetamide is added (in a small 
stoichiometric excess). The pH was always found to lie within 6.7 - 7.1. UV-Visible spectra are 
collected immediately after addition at frequent intervals.   
 
 
 
 
 
 
 
 
 
 
 
Figure 2.11. Series of absorption spectra recorded at different times for measuring the sulfidation kinetics 
of pure ZnO 
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The overall rate of reaction was estimated by assessing the disappearance of ZnO with time as 
indicated quantitatively by the decreasing absorbance of the ZnO excitonic peak in successive 
UV-Visible spectra. Such a study was performed at a few different temperatures, as shown in 
Figure 2.11 for ZnO/TAA and in Figure 2.12 for Au-ZnO/TAA.  
The initial rate was derived by finding the derivative of initial decline in the normalized 
absorbance at λZnO = 371nm (as shown in Figure 2.13 for a representative reaction of 
AuZnO/TAA at 48⁰C). Since normalized absorbance is proportional to normalized molar 
concentration (A = ε.C.l), the rate of decrease of normalized absorbance is equal to the rate of 
decrease in normalized concentration. Table 2.1 and 2.2 summarizes these calculated rates at 
different temperatures for Au-ZnO and ZnO. 
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Figure 2.12. Series of absorption spectra recorded sequentially at a given temperature for measuring the 
sulfidation kinetics of Au-ZnO 
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Figure 2.13. A representative figure obtained by recording the absorbance value (at 371 nm) with time 
while the reaction between Au-ZnO and TAA proceeds at T = 48⁰C 
 
 
 
Table 2.1. Initial sulfidation rates calculated at different temperatures for ZnO 
 
 
 
 
 
 
 
 Temperature  Initial rate 
ZnO 
 
 
T (K) (-dC/dt)/Co 
321 0.00497 
329 0.01024 
334 0.0123 
344 0.02644 
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            Table 2.2. Initial sulfidation rates calculated at different temperatures for Au-ZnO  
 
 
 
 
 
 
2.5. DRIFTS, XPS and EPR-based investigation for finding physio-
chemical differences between the samples 
In order to explain the lower activation energy barrier for Au-ZnO, DRIFTS, EPR and XPS 
characterization was carried out. DRIFTS spectra were recorded using Nicolet Nexus FTIR 
spectrometer (resolution of 2 cm
-1
 and 20 scans). Samples for DRIFTS analysis were prepared  
by drop-casting a concentrated sample solution in water onto a silicon in water onto a silicon 
substrate followed by heating the substrate at 100⁰C degrees centigrade for 60 minutes and 
finally degassing the resultant thin film overnight inside a desiccator. Figure 2.14 compares the 
DRIFTS spectra of AuZnO-1 and ZnO samples in the hydroxyl region (3000 – 3600cm-1). For 
ZnO, the infrared (IR) absorption spectrum shows a broad peak at around 3470 cm
-1
 whereas for 
Au-ZnO-1 this band gets red-shifted to 3370cm
-1
. The peak at 3470 cm
-1
 cannot be attributed to 
any hydroxyl species formed via dissociative adsorption of water on single crystal ZnO (1010) or 
O–terminated ZnO (0001) surfaces, which show up as bands around 3670 and 3620 cm-1, 
 Temperature Initial rate 
Au-ZnO 
 
 
 
 
T (K) (-dC/dt)/Co 
316 0.0071 
321 0.0095 
334 0.0185 
343 0.0284 
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respectively). Because of the absence of scissoring modes at 1650 cm
-1
, presence of multilayer-
water film is also ruled out. This vibrational band on ZnO surface (3470 cm
-1
) is most probably 
associated with -OH species on defect-rich mixed-terminated facets of ZnO nanoparticles. The 
broad peak shape of this vibrational band further suggests the presence of hydroxyl groups 
formed via H2O dissociation over structural defects such as steps, kinks and edges (Noei et al., 
2008), along with some residual H-bonding between water and hydroxyl groups. In case of 
AuZnO-1, this peak is red-shifted to 3371cm
-1
. From past experiments and calculations on metal 
oxide surfaces (Che & Vedrine, 2012), the reduced vibrational frequency of the OH bond 
suggests that the number of associated Zn center has increased, creating a bidentate hydroxyl 
species in the process. This reduced bond strength is also expected to increase the Brønsted 
acidity of the hydroxyl species (Che & Vedrine, 2012). We propose that this difference in 
surface acidity of the two samples partly explains the higher reactivity of the oxide-metal 
composite than oxide. The stronger acidic nature of bidentate hydroxyl species makes it more 
susceptible to participate and accelerate the hydrolysis of thioacetamide. 
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Figure 2.14. Comparison of DRIFTS spectra for as-prepared ZnO and Au-ZnO in the –OH region 
 
In order to verify this difference in acidity and to determine the nature of acidic sites, both the 
samples were treated by 2,6-dimethylpyridine (or lutidine), an organic base that can distinguish 
between sample’s Lewis and Brønsted acidity since it can be protonated by Brønsted acid sites,  
but it cannot coordinate to Lewis acid sites due to the steric hindrance caused by the methyl 
groups. Figure 2.15 and 2.16 compare the DRIFTS spectra of ZnO and Au-ZnO samples after 
treatment with lutidine. Three new peaks appear for AuZnO-1, including 1553 cm
-1
, 1504 cm-
1
, 
and 830 cm
-1
. For ZnO, no new peak appears. Absence of peak at 1504 and 1553 cm
-1
 suggests 
that there are no Brønsted acid sites on pure ZnO strong enough to protonate lutidine. It is highly 
probable that in the case of AuZnO-1, the presence of more acidic and hydrolysis-prone 
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bidentate hydroxyl species helps in creating surface intermediates that help lower the activation 
barrier for the surface reaction.   
 
 
 
 
 
 
Figure 2.15. DRIFTS spectra for lutidine-treated ZnO. Note that no new peak is present on adsorption 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.16. DRIFTS spectra for lutidine-treated Au-ZnO. New peaks appear at 830, 1504, 1553cm
-1
 
when lutidine-treated AuZnO is analyzed (spectrum in black) 
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Figure 2.17. Surface acidity test using lutidine as a molecular probe. Schematic showing that lutidine 
is capable of distinguishing between Lewis and Bronsted acid sites due to the steric hindrance of the 
methyl groups. Hence, only lutidine adsorbs on Bronsted sites.  
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Further characterization tests were carried out to understand the nature of interaction between 
gold and zinc oxide that gives rise to enhanced Bronsted acidity. Figure 2.18 shows the high-
energy resolution XPS spectrum of Au 4f core region for the AuZnO-1 sample. The Au 4f7/2 
peak appears at 83.3eV, which is a shift of 0.7eV to a lower binding energy as compared to the 
bulk gold.  
 
 
 
 
 
 
 
 
 
             
            Figure 2.18. XPS showing shift in the binding energy of Au 4f7/2 peak in Au-ZnO  
This shift cannot be interpreted as final-state relaxation effect or as the presence of cationic gold 
because those result in a positive increase in the binding energy. The most likely reason then for 
this decrease is the presence of negative charge on gold (Boccia et al., 2012; Yang et al., 1999).  
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Due to the higher electronegativity of gold, an interfacial electron transfer, from oxide to metal, 
occurs as shown by Yang et al. for the Au/TiO2 system (Yang et al., 1999). This electron transfer 
to the metal can have long-range, delocalized effect on the electronic structure of the supporting 
oxide itself (Minato et al., 2009). Vijay et al in their model for the interaction of gold with titania 
found that the charge left behind on oxide was not localized on titanium atoms but rather was 
spread over a fairly large ensemble in the oxide (Vijay et al., 2003).  
In order to further verify this charge transfer, EPR signal of AuZnO-1 was compared with the 
ZnO sample. Spectra for both samples showed no intensity in the low-field region g > 1.98. An 
EPR signal for ZnO is seen at g = 1.958. EPR signal at around g=1.96 has been often ascribed to 
the contribution predominantly from delocalized, shallow donors for n-type semiconductors like 
ZnO (Moribe et al., 2007; Garces et al., 2002). As compared to ZnO, EPR signal for AuZnO-1 
appears to be lower in intensity, broader and slightly shifted to higher g. Similar changes are 
observed when we compare the EPR spectra of fresh ZnO with ZnO that has been reduced in H2-
atmosphere at 300⁰C, as shown in Figure 2.20. As compared to ZnO, EPR signal for reduced 
ZnO also appears to be lower in intensity, broader and slightly more shifted to higher g. 
Quenching of this signal in the case of AuZnO-1, combined with the results from XPS spectra 
(Fig. 2.18), strengthens the likelihood that the gold accepts electrons from major fraction of the 
shallow donors resulting in diamagnetic species which have no EPR response of ZnO - a long 
range change in the electronic structure of the oxide.  
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Figure 2.19. Comparison of EPR spectra for as-prepared ZnO and Au-ZnO  
 
 
 
 
 
 
 
Figure 2.20. Comparison of EPR spectra for as-prepared ZnO and reduced ZnO (no Au) 
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Figure 2.21a. & 2.21b. show the O1s XPS region of ZnO and Au-ZnO. The change in 
concentration of oxygen defects can be observed here as well. The O (1s) peak for oxides can be 
divided into three components: first is the oxygen species comprising the lattice occurring as O
2-
 
(the signal for which appears around a binding energy (B.E.) of 530.2 eV for ZnO lattice), 
second type of oxygen species is oxygen present in terminal hydroxyl species (corresponding to 
the intensity signal at 531.4 eV) and the third component of the overall signal comes from 
oxygen vacancies, around 532.6 eV (Xing et al., 2011). The composition among the three was 
calculated by fitting the overall signal with three Gauss-Lorentzian shaped curves (GL30, with 
FWHM of 1.5) and finding the integrated under each one of them. When gold is deposited on 
ZnO, the percentage for terminal hydroxyl species decrease likely because bidentate hydroxyl 
species are formed, the energy position of which overlaps with lattice oxygen biding energy. 
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a. 
 
 
 
 
 
 
b. 
 
 
 
 
 
 
    Figure 2.21 Comparison of O 1s region of XPS spectra for as-prepared ZnO (a.) and Au-ZnO (b.) 
CasaXPS (This string can be edited in CasaXPS.DEF/PrintFootNote.txt)
O 1s/6
Name
O 1s
O 1s
O 1s
Pos.
529.837
531.173
532.718
%Area
58.45
19.12
22.43
O
 1
s
x 10
3
6
8
10
12
14
16
18
C
P
S
540 538 536 534 532 530 528 526 524 522
Binding Energy (eV)
Au-ZnO 
CasaXPS (This string can be edited in CasaXPS.DEF/PrintFootNote.txt)
O 1s/4
Name
O 1s (lattice)
O 1s (OH)
O 1s (Ovac)
Pos.
530.278
531.732
532.975
%Area
51.87
31.75
16.38
O
 1
s
x 10
2
30
35
40
45
50
55
60
C
P
S
540 538 536 534 532 530 528 526 524 522
Binding Energy (eV)
ZnO 
73 
 
In summary, we have shown that metal-metal oxide interaction in gold promoted zinc oxide 
system helps in creation of more reactive surface sites for hydrolysis of TAA, making the oxide 
more reactive towards solid state transformations. Future studies are needed that further illustrate 
the complex mechanism of this multi-step reaction and verify the rate-controlling step. It will be 
interesting to find different combination of metal and metal oxides that exhibit such synergy and 
possibly identify in more detail the optimal electronic structure needed for a given two 
component system that can complement each other in achieving higher overall reactivity.  
 
2.6. Methods & sample preparation for characterization 
Wide angle (20-75°) XRD patterns were collected on a Philips X-ray diffractometer (X’pert 
MPD Pro®) with Cu Kα radiation (λ = 1.54 Å). All the major peaks were identified and assigned 
to the appropriate crystal phases in accordance with JCPDS database. The extent of sulfidation at 
on reacted ZnO and Au-ZnO a given temperature was estimated by finding the phase 
composition, which is calculated by carrying out profile fitting of the diffraction peaks using 
MDI-Jade® software routine.  
EPR analysis was performed using Bruker Elexsys E-580 EPR X-band EPR spectrometer. The 
sample holder was cooled with liquid nitrogen while data collection.  
Diffuse-reflectance based infrared spectroscopy (DRIFTS) spectra were recorded using Nicolet 
Nexus FTIR spectrometer (resolution of 2 cm
-1
 and 20 scans). Samples for DRIFTS analysis 
were prepared by drop-casting a concentrated aqueous sample solution onto a silicon substrate 
followed by heating the substrate at 100⁰C for 60 minutes and finally degassing the resultant thin 
film overnight inside a desiccator. The thus-prepared sample thin film is exposed to lutidine by 
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drop-casting 25uL of 5% v/v aqueous solution of lutidine. The thin sample film, supported on 
silicon substrate, is then heated at 120⁰C for 80 minutes and finally the lutidine-treated sample is 
degassed overnight inside a desiccator before collecting the spectra. 
XPS experiments were performed using the Kratos Axis instrument. The base pressure of the 
system was less than 2 × 10−10Torr, whereas the pressure during analysis never exceeds 2 × 
10−9Torr. Samples were irradiated by a monochromatic Al-Kα X-ray source (15 kV, 10 mA). 
The detection was achieved using the constant analyser energy mode. Survey scans were 
acquired with a pass energy of 160 eV, 1.0 eV step-size and 100 ms dwell time; whereas narrow 
scans were acquired with a pass energy of 20 eV, 0.1 eV step-size and 200 ms. All scans were 
performed with the charge-neutralization system running. Charge referencing was done with the 
adventitious carbon peak position of 285 eV. Peak fittings were accomplished using the CASA 
XPS program. Baselines were fitted using Shirley-type backgrounds. All XPS fitting data could 
be described by a mixture of Gaussian–Lorentzian distributions with typical ratios of 70% 
Gaussian or higher. 
Figure 2.22 shows the XPS of gold nanoparticles without ZnO. These colloidal gold 
nanoparticles, with size around 4 nm, were dispersed on clean silicon substrate. The Au 4f7/2 
peak appears at 84.079 eV which confirms metallic nature of the nanoparticles, unlike the gold 
nanoparticles on ZnO that showed negative charge (Figure 2.18). 
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Figure 2.22: XPS showing Au 4f7/2 (pink) peak showing the binding energy peak in gold nanoparticles 
without ZnO 
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Chapter-3 
 
 
 
High temperature desulfurization using 
nanofibrous Zn-Ti-O based adsorbents 
 
 
3.1. Introduction 
Separation of hydrogen sulfide (H2S) from process gas streams and raw fuels often employs 
reactive adsorption on metal oxides. Though effective, oxides perform poorly when subjected to 
cyclic sulfidation and reoxidation 
1-12
 due to complex structural and chemical changes involved 
during the alternating phase transformation (oxide ↔ sulfide). Performance of metal oxides as 
reactive adsorbents declines progressively during cyclic use on account of factors such as grain 
growth-led reduction in specific surface area, sorbent underutilization due to diffusion-limited 
gas solid reaction, mechanical spalling due to reaction and heat induced volumetric changes, and 
formation of non-regenerable, thermodynamically stable side products. The bulk of the research 
in this area has mainly focused on modifying sorbent chemical composition
2-11
. However, since 
the overall gas-solid reaction is often controlled by diffusion
1,13
, tuning chemical properties alone 
limits the number of possible solutions. Conventional pellet-based sorbent designs are transport 
limited in sulfur uptake, which exposes the outermost layers to disproportionately longer 
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durations in comparison to the pellet interior, leading to sorbent fragmentation. Recently, it was 
shown that progressive sorbent degradation can be minimized by confining sulfidation / 
regeneration reactions only to the sorbent surface
12
. Although effective in reducing the structural 
damage, bulk of the sorbent, in the latter study
12
, was presulfided and was not participating 
actively in the desulfurization process. Nanosized H2S adsorbents, with their large specific 
surface areas and short diffusion lengths
14
, seem to be more appropriate when using such an 
approach. However, in addition to the size, the choice of sorbent morphology is also important.   
Particulate-based adsorbents tend to aggregate and sinter together under high temperature 
cycling, causing diffusion barriers similar to bulk sorbents. A sorbent morphology that promotes 
faster overall kinetics and at the same time prevents progressive material underutilization is 
highly desirable. 
By synthesizing zinc titanate based adsorbents with a nanofibrous morphology, we were able to 
demonstrate high sulfur removal capacity over multiple regeneration cycles accompanied with 
rapid reaction rates. The morphology overcomes transport related limitations and enables 
complete material utilization by promoting reaction-controlled kinetics cycles without suffering 
physical fragmentation or aggregation. Higher reactivity enables regeneration to be carried out at 
a temperature that is identical to the sulfidation step, preventing damage and extra energy use 
caused by alternating temperatures.  In-situ nanoscale stabilization of the ZnS’s wurtzite phase 
and the growth of rate-enhancing hierarchical structures
 
further facilitate sorbent regeneration. 
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3.2. Background & literature survey  
An analysis of thermochemical ethanol production conducted at NREL revealed that tar 
reforming, acid gas and sulfur removal processes together with the subsequent syngas 
compression, comprise 31% of the total fuel production cost
 
(Phillips et al., 2007). Thus, a more 
efficient method of H2S and tar removal can significantly reduce the overall operation cost.  
Following is a list of the different categories of contaminants found in the biomass derived 
syngas and the commonly used cleaning methods associated with each of the categories:  
o Removal of nitrogen containing species (NH3, HCN) 
 Wet scrubbers using H2SO4, or Sulfinol-D

 
 Acidic adsorbents,  acid coated molecular sieves 
o Removal of sulfur containing components (H2S, COS) 
 Wet amine scrubbing (operates between 35-50 C) 
 Metal or Mixed Metal oxide adsorbents (ZnO, ZnTiO3, MnO, FeO, 
ZnFe2O4), Operating temperature (350 – 900 C) 
o Removal of chlorine containing species (HCl) 
 Wet scrubbers using NaOH  
 Sorbents like Na2CO3, Trona (NaHCO3.2H2O) 
o Removal of Ash / silica,  
 Particulate filters – Cyclone separators 
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o Removal of Tar (Condensable heavy hydrcarbons) 
 Thermal cracking, Catalytic process 
 Optimum operating temperature (350 – 600 C) 
 
It can be seen that removing gaseous impurities can be categorized in to two different groups: 
wet gas cleaning techniques & hot gas cleaning techniques.  Following sections describe the 
difference between the two with focus mainly on H2S removal.  
3.3. Different ways of removing H2S  
Wet gas cleaning 
In general, wet gas cleaning technologies typically employs a series of low-temperature solvent 
absorption and gas scrubbing steps so as to reduce the concentration of the contaminants to an 
acceptable level. Among the many methods of H2S removal, wet amine scrubbing has been the 
most popular one. It requires the raw syngas from the gasifier to be cooled down to 35 and 50C 
and scrubbed with a liquid solvent (amine) which physically absorbs most of the hydrogen 
sulfide contained in the gas. Some absorbents may require hydrolysis conversion of COS to H2S 
to achieve high levels of sulfur removal. One of the most effective absorbents for removing 
sulfur is methanol but it needs temperatures as low as -75 degrees Celsius. Commercially, this 
process is known as Rectisol

 desulfurization process (with methanol as solvent). It does not 
require hydrolysis of COS to H2S and can reduce sulfur concentrations to relatively low levels in 
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syngas. However, the Rectisol process requires a substantial investment in equipment and incurs 
high power costs 
The cleaned syngas has to be subsequently reheated for the higher temperature downstream 
processes (like Fischer Tropsch ~ 350 – 500C, SOFCs ~ 800C). Such consecutive cooling and 
heating is not only expensive but also incurs significant thermal inefficiencies that can bring 
down the overall energy recovery of the process. Moreover, such sort of cooling causes 
immediate tar condensation. Tar condensation causes plugging and fouling of the condenser and 
downstream process piping. This presents significant operating challenge. Use    of solvents to 
absorb H2S causes an additional problem of wastewater generation, and subsequent water 
treatment will increase the operating cost. Thus to avoid such problems, it is important to 
desulfurize the gas stream at suitably high temperatures. 
Hot dry gas cleaning  
Hot dry gas cleaning technique, as the name suggests, operates at a temperature that is closer to 
overall process temperature (~600 – 900C) and does not use any liquid solvent for gas 
treatment. Instead, it employs solid metal oxides as adsorbents for selectively adsorbing 
hydrogen sulfide. Most of the metal oxides are regenerable. Based on the study of equilibrium 
thermodynamics for H2S adsorption, Westmoreland and Harrison (1976) showed that oxides of 
barium, calcium, cobalt, copper, iron, manganese, molybdenum, strontium, tungsten, vanadium, 
and zinc are capable of being used as sulfur adsorbents. All these metal oxides are known to 
remove H2S by the following general reaction (also known as sulfidation reaction): 
 OHySMSHyOM yxyx 22 .. 
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This reaction denotes a non-catalytic gas-solid reaction where ‘M’ represents a viable metal. The 
above overall sulfidation reaction is typical of transition metal oxides. Rare-earth metal oxide-
based sulfur adsorbents, like CeO2 (reacts with H2S as Ce2O3 in presence of reducing 
atmosphere, as is the case with syngas desulfurization) and La2O3, tend to undergo the following 
overall reaction with H2S: 
 
 
Sulfidation temperature typically reported in the literature lies in the range of 400 to 900C. 
However, in an industrial plant, the upper temperature limit is determined by process equipment 
restrictions, for instance, valve limitations.  Operating temperature and pressure should be 
selected such that the valves are able to withstand alternating reducing and oxidizing conditions. 
This limits the upper temperature to somewhere around 600C (Slimane et al., 2002). The lower 
limit, as discussed earlier, is limited by thermal efficiency 
Regeneration, for a transition metal sulfide, is supposed to proceed by the following overall 
reaction: 
 
Regeneration is done with a stream of air passed through the oxide bed countercurrent to the 
direction of the process stream during sulfidation. Oxygen present in the air reacts with the metal 
sulfide and returns the original metal oxide form. It is generally carried out at temperatures 
couple of hundred degrees higher than the sulfidation reaction, typically between 600 -1000C.  
22 ..
2
3
SOyOMOySM yxyx 
OHOCeHCeO 232222 
OHSOCeSHOCe 222232 
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Besides thermodynamics, there are other factors, like kinetics, cost, side reactions, oxide’s 
catalytic properties, which can play an important role in making sorbent choice. Based on these 
additional criteria, zinc, manganese, copper, iron, and calcium sorbents have shown to be more 
promising. Several studies indicated the intrinsic reaction kinetics of the sulfidation of ZnO, 
MnO, CaO, FeO, and Cu on ceria to have first-order dependence in H2S (Flytzani-
Stephanopoulos & Li, 1998). An Oxide’s catalytic properties may prove to be an additional 
benefit, for instance, iron oxide acts as a water gas shift catalyst (downstream of cleaning unit) 
that promotes conversion of CO and H2O to CO2 and H2.  
Cheah et al. (2009) suggested certain selection criteria for choosing a sorbent: high adsorption 
capacity (favorable thermodynamics), fast kinetics and mechanical strength to withstand high 
temperatures, chemical properties to withstand highly reducing conditions, easy regeneration and 
multi-component adsorption capability. 
Thus, a metal oxide having high reactivity, good structural stability, and easy regenerability at 
high temperatures can provide such an alternative.  In past work, different types of bulk sorbents 
with different chemical and structural properties have been tested for the applications involving 
high temperature desulfurization, pertaining mainly to the research in the field of treatment of 
syngas generated by coal gasification (Gibson & Harrison, 1980; Lew et al., 1992; Kobayashi et 
al., 1997; Harrison, 1998; Jothimurugesan et al., 1989).  It should be noted that although 
literature available on sorbents developed for coal-derived syngas at high- temperatures is being 
used as the starting point here, desulfurization of syngas derived from biomass involves some 
aspects that are unique to it. For instance, coal gasification is usually a direct oxygen-blown 
process conducted at higher temperature than biomass gasification, which typically employs 
steam/air mixture. As a result, the syngas from biomass typically has a higher water (steam ~ 30 
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– 65%) and hydrocarbon content (Phillips et al., 2007). On the other hand biomass-derived 
syngas obtained from has comparatively less sulfur content as compared to coal-derived syngas. 
Sulfur content of biomass-derived syngas varies from 50-600 ppmv whereas coal-derived syngas 
has sulfur content in the range of 1000 to 15000 ppmv (Cheah et al., 2009).  
Among various metal oxides, zinc oxide is the one of the most extensively studied oxide for 
desulfurization applications. Zinc oxide is known for its high sulfidation capacity, favorable 
thermodynamics and high efficiency when it comes to sulfur removal. However, as shown by 
Harrison (1998), ZnO starts getting reduced to zinc metal at high operating temperatures 
(>550⁰C) due to the presence of gases like H2 and CO in the exit gas stream of a gasifier. Thus, 
the use of ZnO is limited to only few-cycles at mid-high temperatures. 
Most of the simple metal oxides, however, show limited performance when operating at high 
temperatures. In particular, for temperatures in excess of 550C, oxide of highly volatile Zinc 
metal (ZnO) tends to get chemically reduced to zinc vapors due to the reducing gases present in 
raw syngas mixture (Jothimurugesan et al., 1998). Furthermore, many single oxide sorbents tend 
to suffer from loss in surface area and consequent decline in sulfur capacity due to sintering 
caused by high temperature. Carrying out desulfurization at lower temperatures may seem to be 
an option, but it not only leads to slower kinetics but also leads to formation of metal sulfates 
(Ryu et al., 2004; Siriwardane & Poston, 1990), which are thermodynamically stable and harder 
to regenerate.   In addition, volumetric changes caused by oxide-sulfide-oxide conversion, may 
mean increased sorbent spalling and decreased mechanical strength during high temperature 
multi-cycle operation.  
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To overcome these limitations, use of mixed metal oxides became popular. When metal oxides 
are mixed together and calcined, it was found that new composite compounds are produced with 
considerably different thermodynamic, kinetic and physical properties. Mixed metal oxides have 
shown better mechanical strength and stability, less reduction tendency & improved 
regenerability (Harrison, 1998).  For instance, with an aim of stabilizing zinc oxide against 
reduction, Titanium oxide (TiO2) is typically added to ZnO to generate complex oxide phases 
like zinc titanate (ZnTiO3). Addition of iron oxide has also been tried but Zinc ferrites have been 
found to suffer from similar problems as of their individual components: at high temperatures 
they tend to decompose to individual oxide components, which subsequently reduce towards 
their metal form. Zinc titanates, however, have been shown to be much more effective against 
reduction. Lew et al. (1989, 1992) studied the performance of zinc titanate as adsorbent for H2S. 
Authors found that on comparing sorbents containing ZnO alone to sorbents containing mixed 
Zn-Ti-O, rate of zinc loss is five to ten times slower during sorbent-reduction reaction. In a later 
publication, Lew et al. (1992)
 conducted studies on the kinetics of Zn−Ti−O reduction and found 
that in H2−N2 gas mixtures, Zn−Ti−O solids have a lower reduction rate than ZnO in the 
temperature range 550−1050°C and the associated activation energies for Zn−Ti−O and ZnO 
reduction were calculated to be 37 and 24 kcal mol
−1
 respectively. They also concluded that zinc 
titanate sorbents (with less than 50% TiO2) had higher surface area and pore volume than ZnO 
sorbents. It was proposed that TiO2 inhibited the sintering of ZnS by acting as a physical barrier 
to the growth of ZnS particles. All these properties make certain mixed metal oxides more 
suitable candidates for high temperature multi-cycle operation.  
However, although the presence of Titania does decrease the reduction tendency of the Zn-Ti-O 
system, it has also been linked to sorbent’s lower specific sulfur removal capacity and slower 
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initial reaction rate during sulfidation (Lew et al., 1992; Ryu et al., 2004). This has been 
attributed to the fact that titania does not take part in the desulfurization reaction. 
       In short, despite of numerous efforts to modify chemical and compositional properties, 
only a limited success has been achieved.  It is primarily due to sorbent's failure in meeting one 
or more of the above-mentioned criteria. In addition, it has been demonstrated that due to mass 
transfer limitations (Focht et al., 1989), it is highly unlikely to achieve complete regeneration if a 
bulk sorbent is allowed to get completely sulfided, regardless of process's favorable 
thermodynamics and chemical kinetics. Such incomplete regeneration, partly due to mass 
transfer limitation and subsequent loss of sorbent's surface area, leads to underutilization of the 
sorbent material, which is typically a transition or rare earth metal oxide. To overcome these 
limitations, it seems necessary that one needs to go beyond doing modifications in sorbent 
chemical composition. 
3.4. Motivation  
We found that oxides with nanofibrous morphology can sustain their initial reactivity and sulfur 
removal capacity over multiple regeneration cycles without suffering physical fragmentation or 
aggregation. Zn-Ti-O based nanofibrous mats offer rapid reaction rates and efficient material 
utilization by overcoming rate limiting transport resistance, which often affects conventional 
pellet-based sorbents
1,13
. Higher reactivity enables regeneration to be carried out at a temperature 
that is identical to the sulfidation step, preventing damage and extra energy use caused by 
alternating temperatures.  Features unique to the nanostructured morphology, such as the growth 
of hierarchical nanostructures and the preferential stabilization of wurtzite phase in sulfidation 
product, further facilitate efficient sorbent regeneration.  
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3.5. Sorbent synthesis 
 Nanofibrous mats of Zn-Ti-O based sorbents were synthesized using sol-gel based 
electrospinning
15-18
 Titanium addition makes reactive zinc oxide more resistant to chemical 
reduction on exposure to raw syngas
2,3
.  Two specimens with different compositions, labeled 
ZT1 and ZT2, were synthesized with Zn-to-Ti ratios of 3.7 and 1.1, respectively. Precursor 
solutions for electrospinning for the synthesis of ZT2 were prepared by dissolving 8.2g zinc 
acetate dihydrate ((CH3COO)2·Zn.2H2O, 97%, Alfa Aesar) and 10 mL of titanium (IV) 
isopropoxide (C12H28O4Ti, Sigma Aldrich, 97%) into 25 mL of ethanol (ACS grade, 99%). 3.5 
mL of glacial acetic acid was added to the mixture to prevent titanium isopropoxide from 
precipitating. All the chemicals were mixed at 55 ºC using a magnetic stirrer until a clear 
solution was obtained. To facilitate the electrospinning process, a 10% polymeric solution of 
PVP (MW~1300000, Sigma-Aldrich) in ethanol was added to the mixture, which was further 
stirred for 6 h. Resultant solutions were fed at 1.2 mL/h using a syringe pump to a flat tip, 20-
gauge, stainless steel needle that was connected to a high-voltage power supply. A voltage of 
19 kV was applied and a grounded aluminum mesh, separated by 17 cm from the needle tip, was 
used as a collector. The as-spun composite inorganic-organic fiber mat thus obtained was 
vacuum dried for 3 h at 110 ⁰C. Subsequently, the mat was heated at 340 ºC for 2 h to remove 
residual organic components and finally at 600 ºC for 4 h. The Zn-to-Ti ratio in the resultant 
fibers was 1.1. Fiber mats with a different composition (ZT1) were obtained by adjusting the 
ratio of Zn-to-Ti in the precursor solution. ZT1 was spun for relatively smaller duration (for 
several minutes) as compared to ZT2 (several hours). ZT1 was sintered at 600 ºC for 3.5 h.  The 
resultant fiber-mat, after calcination at 600 °C (ZT2), is shown in Fig. 3.1a.  Figure 3.1b shows 
the corresponding SEM image. Mean fiber diameters were 435 ± 110 nm for ZT1 and 488 ± 289 
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nm for ZT2 (Fig. 3.5). The average Feret’s diameters for nanometer-sized grains on each fiber 
were 40 ± 14 nm for ZT1 and 70 ± 32 nm for ZT2. The difference in the mean grain size 
between the two samples can be attributed to the different electrospinning and calcination 
duration. Table 3.1 gives the details of differences between the two as-synthesized sorbents. 
Specific surface areas for ZT1 and ZT2, estimated using BET, were 151.7 m
2
/g and 90.1 m
2
/g. 
TEM images (Fig. 3.1e) and corresponding electron diffraction pattern confirm the individual 
fibers are multi-phase and polycrystalline. Figure 3.1d shows the XRD spectra obtained for the 
two samples (ZT1 and ZT2). Different crystalline phases identified were ZnTiO3 (ilmenite), ZnO 
(zincite), TiO2 (rutile and anatase), and Zn2TiO4 (inverse-spinel) (Figure 3.1c).     
 
 
Sorbent 
(Fresh) 
Zn-to-Ti 
atomic 
ratio 
Surface Area, α
0
 
(m
2
/g) 
Mean Fiber 
diameter (nm) 
Avg. grain 
size (nm) 
Sample-ZT1 3.7 151.7 435 12.53 
Sample-ZT2 1.1 90.1 714 15.82 
 
 
 
 
 
 
Table-3.1: Comparison of the properties of two different Zn-Ti-O based sorbents (fresh)  
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Figure 3.1: Fresh sorbent characterization. a, Calcined zinc titanium oxide fiber mat (ZT2). b, SEM 
image of the calcined fiber mat. Inset: HR-SEM image of a single fiber. c, Phase composition of the as-
synthesized samples as derived from XRD analysis. d, XRD patterns for ZT1 and ZT2. e, Low mag TEM 
image of zinc titanate sample showing polycrystalline nature (ZT2) 
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3.6. Results & discussion 
3.6.1. Measurement of reaction kinetics 
Single-cycle sulfidation tests were conducted to investigate reaction kinetics and associated 
structural and compositional changes occurring in the fibrous sorbents upon H2S exposure at 
different temperatures. Single/multiple cycle reaction kinetics were measured using a 
thermogravimetric analyzer (Dupont 951 TGA) with a 200 mL min
-1
 gas stream containing, 
either 1% H2S in N2 (by volume) during sulfidation or 3% of O2 (in N2) during regeneration. In 
order to keep the instrument electronics free of the corrosive H2S, a separate stream of nitrogen 
purged the instrument via a standard gas inlet. Reaction between the samples and the relevant 
reactive gas mixture was allowed to proceed isothermally for a fixed duration at a pre-specified 
temperature. Section- 3.8, 3.9 & 3.10) provides detailed account of the input assumptions and 
related calculations performed for the analysis of the kinetic data from TGA.  
Before sulfidation, both the specimens were reduced in 4% H2 for comparing the resistance of 
our oxide based sorbents against reduction to metallic form (Section-3.8, 3.9). Greater resistance 
exhibited by ZT2 to weight loss during reduction was attributed to its higher titanium content. 
Consequently, ZT2 was chosen for sulfidation at four different temperatures−500, 550, 600 and 
650 °C, whereas ZT1 was tested only at 600 °C. It should be noted here that certain zinc-free 
oxides, such as lanthanum/cerium oxides, have been associated with much higher resistance to 
reduction
12
.  
Figure 3.2a compares the reaction profiles (conversion vs. time) and the initial rate of weight 
change (R0) for ZT2 at four different temperatures (see following section for details). As 
expected, higher temperatures led to faster conversions. The reaction rates led to conversions in 
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excess of 90% within the first 20 minutes for all the test temperatures. It has been previously 
reported that at or below 600 °C, the reaction between pellet-based ZnO adsorbents and H2S 
stops well before full zinc oxide conversion has occurred, mainly due to the growing of a non-
porous zinc sulfide layer around the pellet
1,13
. Diffusional resistance within the ZnS layer was 
identified as the primary limitation to the pellet’s conversion. In our experiments, the overall 
progress was controlled by the chemical reaction step for nearly the entire reaction length. This 
limit was determined by fitting the shrinking core model to the kinetic data
19,20
. According to this 
model, if the diffusion through the product layer is not rate-limiting and the actual reaction step 
controls the overall rate exclusively and then time (t)-conversion (X) data can be represented by 
 t = t.  ( )                         (3.1) 
where   ( )  (  (   )
  ⁄ ) for sulfidation, or (  (   )  ⁄ ) for reduction             (3.2) 
  ( ) is the conversion function obtained by assuming spherical grains. t is a lumped parameter 
independent of X. The expressions for   ( ) for reduction and sulfidation reaction are derived as 
follows.  
 
3.6.2. Regime analysis and proposed reaction model for reduction 
In order to understand how the reduction reaction proceeds, different reaction models developed 
for modeling non-catalytic gas-solid reaction were attempted. Shrinking-particle model, 
described by Levenspiel (1999), was found to be the best fit for the zinc oxide reduction reaction 
that involves accompanying mass losses in the form of vaporization of the product (elemental 
zinc).  In this model, particle shrinks during the reaction and finally disappears, which is distinct 
94 
 
from the more popular shrinking-core model, in which the size of the particle tends to remain the 
same since the product stays and tends to form a growing “ash” layer around the still unreacted 
core (eventually the core goes away completely to the products, while the overall particle size 
remains unchanged).  
The overall mechanism, in the shrinking-particle model, involves both the gas phase transport 
and the chemical reaction kinetics. It can be divided into these three steps:   
(1) the gaseous  reactant’s diffusion (H2 in the present case)  through  the  gas  boundary  layer  
(film diffusion)  surrounding  the  particle;   
(2) the gas-solid  interfacial  chemical  reaction  at  the  surface;  and   
(3)  gaseous  product  (Zn(g) or H2O(g)) diffusion  through  the  gas  film  to  the  exterior  into  the  
main  gas  stream.   
Although, this model assumes  the absence of temperature gradients and consequent  heat  
transfer  across  the  solid-gas  boundary layer, it has been shown to realistically represent  the 
reduction  of ZnO  in  reducing  atmospheres  such as in the presence of CO  and H2 (Steinfeld et 
al., 1995). One other source of discrepancy may arise if a slow reaction proceeds with a diffuse-
reaction front instead of the sharp reaction front as assumed by the model. But since the zinc 
oxide reduction reaction has been shown to reasonably fast, it is expected to proceed with 
relatively sharp reaction front.  
Depending upon the operating conditions and sorbent geometry and morphology, any of the 
above mentioned regimes could be the rate-controlling. For Sample-1, the shape of  the 
experimentally obtained conversion vs. time curve (Figure 3.3) is indicative of the possibility 
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that  the rate is apparently  controlled  by the gas  film  diffusion  in  the Stokes  regime 
(Levenspiel, 1999). The model involves deriving an equation describing how the conversion 
(fractional disappearance) varies with time (X vs. t) as the reaction proceeds. When the overall 
reaction is controlled by the gas film diffusion, the X-t relation can be derived by assuming that 
the rate of disappearance of the solid is proportional to the rate of arrival of gas species i.e. the 
flux of solid’s disappearance is proportional to the flux of incoming gas; equating the two gives: 
                                                                   
 
   
     
  
                                                   
(   ) 
where  
NZnO = number of moles of zinc oxide (moles) 
Aex = external surface area of the fiber-mat sample (m
2
) 
    = Concentration of H2 in the bulk gas phase (mol/m
3
) 
kg = Mass transfer coefficient of the gas film (m
3
/m
2
.s) 
b = stoichiometric coefficient in a gas-solid reaction: Ag + bBs --> pPg (b = 1 in the present case) 
Assuming the sample to behave as a spherical particle of effective initial radius of R0, (and R at a 
time t > 0) and ρs being the molar density of zinc oxide in the sample, then at some time t: 
     dNZnO = ρm.dV = ρm.4∏R
2
dR    (3.4) 
      Aex = 4∏.R
2 
     (3.5) 
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Mass transfer coefficient a gas component (with mole fraction y) is given by the following 
equation (Froessling, 1938): 
     
where D  (elsewhere labeled as D)= molecular diffusion coefficient in the gas phase (m
2
/s) 
dp = effective sample diameter=2.R,  
μ = gas phase dynamic viscosity,  
ρ= mass density of the gas phase 
y = mole fraction of H2 in gas phase 
For stokes regime, RHS of the above empirical relation reduces to a constant = 2, which on 
solving for kg gives the following approximation: 
         
  
  
  = 
 
 
                                                         (   ) 
Inserting the equations 3.2, 3.3 and 3.4 in 3.1, reduces 3.1 to the following equation: 
   
                            
  
  
   
 
 
     
 
 
                                                                (   )  
 
which after integration gives the following relation  
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(3.10) 
(3.9) 
(3.11) 
       
    
 
       
(  (
 
  
)
 
)                                                                  (   )  
 
Also, sample being represented by a spherical particle with some initial effective diameter R0 
and R at time t > 0, conversion can be defined as following: 
 ( )   
  
    
  
     
 
which on rearranging gives: 
(  (
 
  
)
 
)  (  (   )  ⁄ ) 
 
Thus, equation 3.6 can be rewritten as following: 
   (  (   )  ⁄ )  
where τ = 
    
 
       
 = constant at a given temperature. 
Experimentally observed conversion (as a function of time) was converted into the expression:   
(1 – (1–X)2/3) and was plotted against time. The closely followed linear relation between the two, 
as predicted by the model, is an indication of the validity of the model.  
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3.6.3. Regime analysis and proposed reaction model for sulfidation 
In literature, the reaction between ZnO and H2S, a noncatalytic gas–solid reaction, has been 
modeled using various methods. Two of the most frequently used are the unreacted-shrinking-
core model and the grain model. Shrinking-core model (Levenspiel, 1999) assumes that the 
reaction occurs at a sharp interface that divides the reacted outer shell (product “ash”) and the 
non-reacted core of the solid. This model is most suitable to highly non-porous solid reactants. 
Grain model, on the other hand, is more popular for modeling reactions between porous solids 
and gas (Gibson and Harrison, 1980; Huiling et al., 2002; Sohn & Szekely, 1972). This model 
assumes the solid sorbent to be composed of a large number of fine grains. Inbetween these 
grains are the macropores, through which the gas has to diffuse to reach the various grains. Each 
grain, however, still reacts according to the unreacted core model. Since, the grain model 
incorporates the structural properties (such as grain size, grain shape, porosity, etc.) of the solid 
reactants; it can help in estimating the associated structural changes that occur as the reaction 
progresses. However, this makes the model mathematically more complex. In order to obtain the 
overall conversion for the reaction and the time varying concentration of the reactants, a set of 
simultaneous differential equations need to be solved. By making few assumptions, like 
assuming the gas-solid reaction in consideration being isothermal and first order-reaction system 
(true for the H2S reaction order), Sohn & Szekely simplified the model and went on to obtain an 
approximate solution in which the structural changes on reaction could be neglected without 
adversely affecting the model’s ability to predict the reaction extent (i.e. conversion (X)). It was 
shown that the extent of reaction (X) of a porous solid could be related to time (t) by the 
approximate solution:  
     t = P.{Fr(X)} + Q.{Fd(X)} 
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where 
   
      
      
 
   
    
 
       
 
{ kr = chemical reaction rate constant, D = diffusion coefficient (both follow Arrhenius 
dependence on temperature, kr = k0.exp(-Ear/RT) , D = D0.exp(-Ead/RT),  ρm = molar density of 
ZnO in sorbent (mol/l), CA0 = Concentration of gaseous reactant H2S in bulk phase (mol/l), rgo = 
mean grain radius, Ri = initial sorbent radius }.  
If we assume the fibrous sorbent in the present case to have a spherically equivalent radius of Ri 
and being made up of grains with initial mean radius of rgo, then Fr(X) and Fd(x) can be derived 
to have the following expressions: 
  ( )  (  (   )
  ⁄ ) 
  ( )  (    (   )
  ⁄    (   )) 
These expressions can be derived in a similar way as shown when deriving the Eq. (3.9) in 
Section 3.6.2 with a specific step as rate controlling using the shrinking unreacted-core model. 
The difference being that the outer layer in present case remains intact instead of volatalizing as 
in the case of reduction in last section. Asymptotic analysis of this approximate solution (Huiling 
et al., 2002) leads to further simplification: a reaction system that is being purely controlled by 
the chemical reaction step can then be described by the following relation: 
t = P. { Fr(X) } 
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And a system that is being purely controlled by the product layer diffusion step can be described 
by the following relation: 
t = Q. { Fd(X) } 
Sohn–Szekely's approximation equations were limited for the particular reaction system that was 
being studied and was not appropriate for the study of H2S removal by ZnO. Only when the 
overall rate was controlled by chemical reaction of the grain was the model applicable. In order 
to provide the best fit to experiment data, the approximation of the grain model was improved. 
The refinement was called the equivalent grain model. The equivalent grain model, which took 
account of the grain diffusion, was more practical, and has been successfully used to describe 
this reaction system (Huiling et al., 2002). 
The equivalent grain model can be expressed as follows: In the region controlled by chemical 
reaction rate: 
 
t = P. { Fr(X) } 
 
In the region controlled by product layer diffusion step, a correction term, Q1 (with units of 
time), was added to the equation, indicating the contribution of chemical reaction in this region: 
The observed linear dependence of    ( )  with time (Fig. 3.2b) for much of the reaction (X < 
0.94) suggests the absence of internal diffusion-resistance around the individual grains. This 
absence leads to an increase in the overall reaction rate over conventional transport-limited 
pellet-based sorbents.   
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Multi-cycle tests were conducted at 650 °C on a pre-reduced specimen from ZT2 using TGA 
(details later in this chapter). Figure 3.2c shows the corresponding changes in sample weight 
during cyclic operations. The initial drop in the weight was due to the partial volatilization of 
zinc metal that formed during the sorbent pre-reduction. After the initial reduction step, 
sulfidation and regeneration steps were performed in the absence of hydrogen to facilitate 
unambiguous analysis of the process kinetics. The gain in sorbent weight during the first half-
cycle corresponds to the formation of zinc sulfide. The subsequent drop in weight is the result of 
S to O substitution during re-oxidation, which was carried out without raising the temperature. 
The rapid rise in the sorbent weight with full conversion during different sulfidation steps 
indicates minimal diffusional resistance and complete sorbent utilization. The equally rapid 
decrease in weight during oxidation shows that the regeneration reaction lengths are similar to 
the sulfidation reaction lengths.  With pellet-based sorbents, the regeneration step is typically 
much longer due to transport limitations. Figure 3.2d shows the sulfur removal capacity 
calculated using the observed weight gain during each sulfidation cycle. Consistent weight gain 
after each cycle reflects the reversible H2S adsorption capability of the sorbent. All the major 
crystalline phases present in fresh sorbent specimens were recovered in the multi-regenerated 
samples, as shown by XRD analysis (Fig. 3.9). Reflections corresponding to the crystal phases of 
zinc sulfide or sulfate were not found, suggesting complete regeneration. XPS and EDS analysis 
further confirmed the absence of sulfur in the multi-regenerated specimens (Fig. 3.10). 
The activation energy (Ea) was estimated by measuring the initial weight change rate as a 
function of temperature at fixed H2S concentration. From the Arrhenius plot for ZT2 (Fig. 3.2e), 
Ea in the experimental temperature range was estimated to be 2.8 Kcal/mol, which is 3-fold 
lower than previously reported values for bulk Zn-Ti-O (≈ 9.0–10.5 Kcal/mol)3. The lower 
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energy barrier and resultant accelerated kinetics are likely due to the increased density of 
surface-active features associated with the nanocrystalline morphology, such as defect sites and 
crystal disorder
14
.
  
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: Sulfur uptake and reaction kinetics. a, Reaction profiles (conversion versus time) at 
different temperatures for the reaction between ZT2 and H2S. b, Plot of conversion function Fr(X) and 
conversion (X) at 600 °C versus time. A good linear fit of Fr(X) versus time confirms that the inherent 
chemical reaction is rate-controlling, with gas–solid diffusion offering minimal resistance during 
sulfidation of the fibrous sample. Use of the shrinking core model is justified because the individual 
fibers, as seen under SEM (Fig. 3.1b), are composed of non-porous and non-overlapping grains. c, 
Weight change versus time during multicycle operation. The data are constructed from two concatenated 
runs. Sulfidation and regeneration temperatures are both 650 °C.  d, Sulfur removal capacity for different 
cycles. e, Arrhenius plot for estimation of the activation energy for the sulfidation step.
 
 
Figures 3.3a and 3.3b show the SEM images of the two samples after a single sulfidation step. 
The overall fibrous morphology of ZT1 and ZT2 appears well-preserved. HR-SEM images of 
single fibers (insets in Fig. 3.3a, 3.3b) show individual fibers as having distinct non-overlapping 
c
. 
b. a. 
d
. 
e
. 
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grains and high density of grain boundaries. The average grain sizes were 88 ± 32 nm for ZT1 
and 79 ± 43 nm for ZT2. Figure 3c shows a SEM image of the multi-regenerated fibers (ZT2) 
and a high-magnification image of the fiber surface (inset).The fiber surface exhibits 
considerable grain disarray after regeneration, however, the overall fiber continuity is still 
maintained. The difference in apparent granularity can possibly be assigned to differences in 
reaction-driven recrystallization and grain growth events associated with the different crystal 
phases being formed during sulfidation and oxidation. Overall fiber integrity after regeneration 
does not seem to be affected as evident from Fig. 3.3c & Fig. 3.14, which show no fiber 
fragmentation after multi-regeneration. The isothermal nature of the sulfidation/oxidation 
reactions may be a factor assisting the preservation of fiber integrity.  Figure 3.3d shows the 
changes in the grain size distribution for ZT2 after single-step sulfidation, single-step 
regeneration, and multi-regeneration. The average grain sizes for the fresh and sulfided samples 
were 70 ± 32 nm and 79 ± 43 nm, respectively and 69 ± 36 nm after single-step regeneration. 
Even after multiple cycles, no substantial grain growth was evident (72 ± 19 nm), demonstrating 
sorbent resistance to sintering. ZT1, on the other hand, experienced relatively greater grain 
growth during sulfidation: from the fresh grain size of 40±14 nm to the sulfided grain size of 
88±32 nm. Sorbent composition, i.e.the zinc-to-titanium ratio, is therefore a likely factor 
governing grain growth behavior. It has been previously reported that the higher titanium 
content, as in ZT2 can act as a physical barrier preventing growth of the individual grains
3
. 
Nevertheless, as with the case of ZT2, regeneration of ZT1 led to restoration of the average grain 
size (45±19 nm, Fig. 3.3d & Fig. 3.12), which can be attributed to possible recrystallization 
during the regeneration step. Despite these changes in the grain size of ZT1,the mean diameter of 
the fresh, sulfided and regenerated fibers were found to be statistically similar (see Figure 3.17), 
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suggesting that, on average, the local volumetric changes are easily accommodated within the 
polycrystalline fiber. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3: Analysis of SEM images of reacted sorbent specimens a, SEM image of ZT1 after 
sulfidation at 600 °C, showing secondary nanostructures growing on primary fibers. Inset: HR-SEM 
image of an individual primary fiber. b, SEM image of ZT2 after sulfidation at 600 °C. Inset: HR-SEM 
image of an individual primary fiber. c, SEM image of the fibers after multi-regeneration. Inset: SEM 
image of the surface of a single fiber. d, Comparison of the grain size distribution for different sorbent 
states: fresh, single-sulphided, single-regenerated and multi-regenerated. Grain diameters were estimated 
from HR-SEM images using Image J and averaged over several grains from several fibers. 
 
 
 
c d 
b a 
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3.6.4. Results from material characterization 
Low magnification TEM (Fig. 3.4a) and SEM images (Fig. 3.3a-3.3c) show several secondary 
nanorods branching off from the primary fibers. The diameter of these secondary nanostructures 
varied from few tens of nanometers to 200 nm. The mean grain size for a secondary nanorod was 
38 ± 13 nm. The spatial distribution of these secondary nanorods was uneven and varied from 
fiber to fiber. Such sporadic anisotropic growth hints at the role of specific local conditions. 
Exposed polar faces of zinc oxide (0001-Zn) are known to promote anisotropic secondary 
growth in nanostructures
21
. Local clustering of such polar faces in a polycrystalline fiber can 
potentially function as preferential adsorption and subsequent reaction sites for H2S, contributing 
to the observed anisotropic growth. The SEM images of sulfided ZT1 and ZT2 indicate that the 
growth of nanorods is more widespread in ZT1 (which has a higher zinc content), further 
supporting that the surface density of zinc-terminated polar faces have some influence in 
determining the extent of the spatial density of the secondary nanorods. Figure 3.16 compares the 
weight change against time curves for sulfided ZT1 and ZT2 during the single-cycle regeneration 
test. The initial rate of regeneration was indeed higher for ZT1.  
Figure 3.4b shows a high-angle annular dark field scanning transmission electron microscopy 
image (HAADF-STEM) of a representative single-sulfided fiber (ZT2) with a secondary nanorod 
branching from the side (See Fig. 3.11 for HAADF-STEM characterization of a multi-
regenerated fiber).  Regions of the fiber rich in zinc exhibit higher Z-contrast in HAADF 
imaging. Compositional analysis (using EDS) at three different locations (as marked in Fig. 3.4b) 
found a much higher Zn-to-Ti ratio in the secondary vs. the primary fiber (see Fig. 3.4c), 
suggesting that a localized Kirkendall-like effect occurred
22
. Since H2S can react rapidly at the 
sites with exposed polar faces, product generation (ZnS) at these sites could result in the 
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formation of a local diffusion-couple.  If zinc cations are drawn to the surface faster than the 
inward diffusion of the anions, the formation of ZnS may possibly accelerate locally, resulting in 
the subsequent appearance of nanobranches at such sites.  Hierarchical growth during sulfidation 
has not been reported for conventional millimeter sized pellet-based sorbents, where sulfidation 
proceeds predominantly with the reaction product growing as a shell over the reacting oxide 
core
1
. In nanostructures, however, specific facets can be present in high density at the surface, 
often serving as a preferential nucleus for adsorption and reaction
23
.  The dendritic secondary 
structures appear to play an important role in maintaining low overall diffusional resistance and 
high specific surface area, thus enabling high sorbent efficiency over multiple cycles 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4: Post-sulphidation characterization. a, Low-resolution TEM image of a single primary fiber 
exhibiting hierarchical growth pattern. b, HAADF-STEM image (in pseudocolour) of a single sulphided 
fiber (ZT2) as well as secondary nanorods. Because zinc has the highest contrast and is present as zinc 
sulphide, the red regions in the pseudocolour image represent regions rich in zinc and green regions 
represent regions rich in titanium. c, Comparison of different elemental component ratios (obtained using 
EDS analysis) at three points along the direction of the secondary nanorod (indicated in b). d, Bulk XRD 
patterns showing the crystalline components of the sulphided specimens. Wurtzite ZnS formation is 
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strongly indicated in both sulphided nanofibrous samples (JCPDS database, Powder Diffraction 
Card #36-1450). 
 
Elemental analysis (EDS) revealed considerable amounts of sulfur in the sulfided samples (Fig. 
3.6(b)). XPS analysis was carried out to determine if this sulfur is ZnS or ZnSO4. Formation of a 
thermodynamically stable zinc sulfate side-product is detrimental because higher temperatures 
are needed for sorbent regeneration, causing accelerated thermal sintering and physical 
degradation
5
. A detailed XPS scan around the sulfur spectral region shows only the sulfide peak 
(161.7 eV) (Table-3.2 and Fig. 3.7). Lack of a specific intensity peak in the 168-170 eV region 
confirms the absence of sulfate compounds. XRD analysis further confirmed sulfate suppression. 
Only hexagonal ZnS (wurtzite) and TiO2 (rutile) were found in the XRD spectra (Fig. 3.4d). No 
reflections corresponding to ZnSO4, ZnO or ZnTiO3 were detected, suggesting complete 
conversion to ZnS. 
The primary product in our sulfided samples was wurtzite ZnS (hexagonal), instead of the more 
common sphalerite phase (cubic). Wurtzite is known to crystallize only above 1035 ⁰C and is 
considered metastable below this temperature
24
. However, stable wurtzite structure can occur in 
low-dimensional nanostructures if its formation minimizes the overall surface energy
25
. 
Formation of the wurtzite phase is beneficial during regeneration since wurtzite ZnS tends to 
oxidize directly to ZnO, whereas the oxidation of ZnS in the sphalerite phase has been linked 
with the formation of ZnSO4 and Zn3O(SO4)2
26
. 
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3.7.  Characterization methods details 
Figure 3.5 shows the fiber size distribution for the fresh sorbent specimens ZT1 and ZT2. Fiber 
diameters were analyzed using an image processing software (Image-J
®
, v-1.43).  The mean fiber 
diameter was found to be 435 ± 165 nm for ZT1 and 488 ± 289 nm for ZT2 (reported as mean ± 
sample-standard-deviation).  
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Figure 3.6. EDX analysis for ZT2: (a) Unreacted ZT2, (b) ZT2 After single-cycle sulfidation. Analysis 
was performed on an ethanol-dispersed sample portion that was dried over a carbon tape and coated with 
gold. Contribution from gold coating and carbon background was removed 
Element Atomic % 
O 53.81 
Ti 23.05 
Zn 23.14 
a 
b 
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TEM images were taken using JEOL 2010LaB6, operated at 200 kV. STEM-HAADF images 
were taken on JEOL 2010F (only for spent-sorbent specimen). Samples for TEM were prepared 
by taking a small amount of the desired specimen and dispersing it into a suitable solvent 
(ethanol) using a sonicator-bath. A drop of this dispersion was then placed on a Cu grid with a 
holey carbon support film. The specific surface area of the sintered fibers was measured using a 
BET surface area analyzer by Quantachrome (Nova 2200 Series). EDX analysis was carried out 
using an Oxford Instruments ISIS EDS System (integrated with JEOL 6060LV SEM and JEOL 
2010F TEM). Figure 3.6, on page 109, shows the EDX spectra for the fresh and the sulfided ZT2 
specimen along with the local elemental compositions (corresponding to the SEM images – Fig. 
3.1b and Fig. 3.3b). 
 
XPS analysis was done using Kratos Axis ULTRA which employed a monochromatized Al Kα 
X-ray source of 15 kV (~10 mA). The instrument consisted of separate specimen transfer and 
analysis chambers, typically operated at 5E-07 Torr and 1E-09 Torr, respectively. Figure S3 
shows the curve-fitted sulfur XPS peak for ZT2 after sulfidation. The observed peaks in the 
sulfur spectral region were compared with those of the standard compounds (Table – 3.2). Sulfur 
spectrum was fitted with 30% Gaussian / 70% Lorentzian peak shapes with spin-orbit peak 
interval of 1.18 eV and area ratio of 2.0, respectively.  
111 
 
  
Figure 3.7: XPS peak corresponding to sulfur, analyzed using CASA XPS
®
 for sulfided ZT2 
 
Table-3.2: Comparison of the observed elemental peaks from the sulfided sample ZT2 with 
previously reported
27
 XPS data.  
 
 
 
 
Wide angle (20-85
°
) XRD patterns were collected on a Philips X-ray diffractometer (X’pert 
MPD Pro
®
) with Cu Kα radiation (λ = 1.54 Å). All the major peaks were identified and assigned 
to the appropriate crystal phases in accordance with JCPDS database. The phase compositions 
were calculated by carrying out profile fitting of the diffraction peaks using MDI-Jade
®
. SEM 
analysis was carried out using a JEOL 6060LV

 and Hitachi S-4700 (a field-emission 
instrument). The fiber/grain diameters were estimated using image processing software (Image-
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J
®
). Figure 3.5 shows the fiber size distribution for the fresh sorbent specimens ZT1 and ZT2. 
Mean fiber diameters were found to be 435±110 nm for ZT1 and 488±289 nm for ZT2 (mean ± 
sample-standard-deviation). TEM images were taken using JEOL 2010LaB6, operated at 200kV. 
STEM-HAADF images were taken on JEOL 2010F. XPS analysis was done using Kratos Axis 
ULTRA, which employed a monochromatized Al Kα X-ray source of 15kV (~10mA).  
 
3.8. Method for Sorbent Reduction 
ZT1 and ZT2 were analyzed for their resistance to reduction using a thermogravimetric balance 
(DuPont 951 TGA) with a platinum sample holder (pan-shaped). The instrument had a custom-
made quartz furnace tube with an accompanying sidearm for introducing corrosive gases. In 
order to keep the instrument electronics free of the corrosive gases, a constant flow of nitrogen 
was introduced for purging via the standard gas inlet provided on the instrument.  
For these experiments, a gas stream containing a hydrogen/nitrogen mixture was used. Since zinc 
oxide reduction is known to be faster in hydrogen than carbon monoxide
28
, using hydrogen in 
our experiments provides the reduction rates that cause maximum zinc loss possible during 
conditioning of the biomass-derived syngas. The total flow rate in the sample area was 200 
mL/min with 160 mL/min nitrogen flowing through the electronics area.  The remaining 40 
mL/min of the desired gas was introduced through the sidearm that was just prior to the sample 
holder, so that the net concentration of H2 inside the chamber is 4% by volume.  
The instrument was being operated as an isothermal differential reactor. A small, known quantity 
of fibers (W0 ≈ 12.5 - 14 mg) was used. The temperature was raised to the desired value (500, 
550, 600 or 650⁰C for ZT2 and 600⁰C for ZT1) at the rate of 15⁰C/min. During heating, only N2 
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was flowing through the balance. Once the selected temperature was attained, H2 was introduced. 
The net flow rate was maintained at 200 mL/min by using flow meters.  
Figure 3.8 compares the instrument output, weight change vs. time, for the two samples at 
600⁰C. As can be seen, ZT2 suffered significantly smaller loss in weight as compared to ZT1, 
which underwent substantial weight change. This difference in response to reducing atmosphere 
can be attributed to the difference in the phase compositions of the two samples due to different 
initial Zn-to-Ti atomic ratios.  The essential difference in composition arises from the higher 
overall concentration of mixed / complex metal oxides (zinc titanates) as present in ZT2 (Zn/Ti = 
1.1). In contrast, ZT1, having Zn-to-Ti ratio of approximately 3.7, has a lot more uncombined 
zinc oxide. As discussed earlier, zinc oxide, in presence of hydrogen, must have got reduced to 
zinc metal, which would easily volatilize at the elevated operating temperature of the reaction 
(600⁰C) causing the weight loss as measured by the thermogravimetric analyzer. 
 
 
 
 
 
 
 
      Figure 3.8: Comparison of the response of ZT1(black) and ZT2 (red) when subjected to reduction 
reaction at 600 ⁰C 
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3.9.  Sorbent reduction at 650°C 
The performance of ZT2 (sorbent sample used for multi-regeneration experiments) was also 
investigated at the temperature used for multi-cyclic experiments i.e. at 650 °C. Figure 3.9 
shows the corresponding weight change vs. time curve obtained from isothermal TGA 
operation. To ascertain that the observed weight loss is due to zinc, EDS elemental analysis 
was carried out. As indicated in Table 3.4, the apparent decrease in zinc content suggests loss 
of zinc during the reduction step. The rate of weight loss, however, was much smaller as 
compared to sulfidation / oxidation rates. As shown in Table 3.3, the calculated rate of 
sulfidation is approximately two orders of magnitude higher than the rate of reduction. 
 
Figure 3.9: Isothermal TGA curve for reduction at 650°C 
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Table 3.3: Comparison of reduction and sulfidation rates at 650°C 
 
 
 
 
 
 
 
Table 3.4: Comparison of sorbent composition before and after full reduction 
 
 
 
 
3.10. Sorbent characterization after reduction at 650 °C 
SEM and TEM-EDS analysis on the reduced sample (ZT2) was conducted to investigate if the 
reduction step alone can result in zinc migration and accompanying formation of secondary 
nanorods before sulfidation. From the SEM image (Fig. 3.10), it is evident that the branching of 
nanofiber is absent when the sorbent is exposed only to hydrogen (during reduction).  
Maximum rate of reduction (assuming Zn loss) at 
650 °C refer figure above 
3.6E-05 (moles/min/g) 
Initial rate of sulfidation at 650 °C, Fig. 2a 1.9E-03 (moles/min/g) 
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Figure 3.10: SEM-EDS analysis of partly-reduced sorbent (ZT2). Note: Au peak is observed since 
samples were coated with a thin layer of gold to facilitate imaging 
 
Figure 3.11 shows an atomic number sensitive (Z-sensitive) HAADF-STEM image of a partly 
reduced fiber along with an elemental line profile of zinc concentration. Higher contrast in the 
middle of the fiber corresponds mostly to higher relative zinc content.  The edges of the fiber do 
not show any sign of zinc accumulation. 
 
 
 
 
 
 
 
 
 
117 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11: A HAADF-STEM image of a reduced fiber along with the corresponding EDS line profiles 
for the different elements along the region indicated by the dotted arrow 
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Sulfidation Kinetics 
Reaction kinetics was measured using a thermogravimetric analyzer (Dupont 951 TGA) with 
a 200 mL min
-1
 gas stream containing 1% H2S in N2 (by volume). In order to keep the 
instrument electronics free of the corrosive H2S, a constant flow of nitrogen purged the 
instrument via a standard gas inlet. The reaction between the samples and H2S was allowed 
to proceed isothermally for a fixed duration at a pre-specified temperature. The overall 
reaction that causes the observed weight gain due to the formation of ZnS is
29
: 
)(2)(2)()(2)(2
....
sgSgsyxyx
TiOyOHxZnSxSHxOTiZn 
                        
Conversion (X) and an initial overall reaction rate (R0) are defined as: 
 ( )   
 ( )   
     
                                                                                            
     
(    ⁄ ) 
   (         )
                                                                                     
where W0, Wf and W(t) are the initial, final and instantaneous specimen weights. MZnO and 
MZnS represent the molecular weights of ZnO and ZnS.  R0 was defined in terms of moles of 
ZnO reacting per unit time per unit initial specimen weight. In order to estimate the 
activation energy, we used high gas velocities (200 mL min
-1
) to minimize the resistance due 
to external gas-film diffusion
30
. With both the internal and external mass transfer resistances 
removed, the initial weight-change rate (R0) can be approximated to the initial intrinsic 
chemical reaction rate  
An Arrhenius relationship was used to express the rate constant (k) as 
 






RT
E
kk aexp0
n
SHkCR 20 
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The reaction order (n) and the pre-exponential factor (ko) were assumed to not vary within 
the working temperature range. For estimating the activation barrier, single-cycle sulfidation 
was carried out at four different temperatures: 500, 550, 600 and 650°C. 
3.11.  Regeneration method and results for multi-cycle tests 
Regeneration involves chemically converting the metal sulfide formed during sulfidation, 
back to the oxide form, typically by subjecting it to oxidation, either in air, oxygen or steam, 
at temperatures that are a couple of hundred of degrees higher than the sulfidation 
temperature. Following are the reactions that take place during the regeneration of a Zn-Ti-O 
based sorbent: 
22
2
3
SOZnOOZnS 
 
yxyx OTiZnTiOyZnOx 22..   
Multi-cycle sulfidation/regeneration tests were conducted using a thermogravimetric 
analyzer. A set up similar to the reduction/sulfidation experiments was used. A pair of 
consecutive sulfidation and oxidation steps constituted one cycle. A sorbent specimen from 
ZT2 was used for multi-cycle tests. The specimen was placed on the sample holder of the 
instrument and the temperature was ramped to 650⁰C at the rate of 15⁰C/min. Once the set 
temperature was achieved, a gas stream containing 4% H2 (in N2) was introduced for 15 min 
to pre-reduce the sorbent. The gas stream was then switched to 1% H2S in N2. This started 
the first cycle. After 60 min of sulfidation, the H2S stream was stopped and a stream 
containing 3% O2 (in N2) was introduced. This regeneration step lasted for another 70 min. 
This step completed the first cycle. The specimen underwent six such cycles before it was 
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allowed to cool for performing ex-situ material characterization. Figure 3.2c shows the 
corresponding changes in sample weight during the cyclic operation. 
Figure 3.12a compares the XRD patterns from unreacted and multi-regenerated sorbent 
specimens (ZT2).  The major phases identified in the multi-regenerated specimen include 
hexagonal ilmenite structure of meta-zinc titanate (ZnTiO3), cubic ortho-zinc titanate 
(Zn2TiO4), tetragonal rutile (TiO2) and a small quantity of uncombined hexagonal zinc oxide 
(zincite). Reflections corresponding to the crystal phases of zinc sulfide or zinc sulfate were 
not found, suggesting complete regeneration. Comparison of the compositions of unreacted 
and multi-regenerated sorbents (Fig. 3.12b) indicates that the contents of major crystalline 
phases, like ZnTiO3, remain nearly unchanged. Evidence of a new zinc titanate phase, ortho-
zinc titanate (Zn2TiO4), was found in the multi-regenerated samples. Lew et al. (1989, 1992; 
main body) studied the kinetics of different Zn−Ti−O phases as H2S adsorbents. In the 
temperature range of 550−1050 °C, they found that all the different phases of zinc titanate 
(Zn2TiO4, ZnTiO3 and Zn2Ti3O8) were indistinguishable in their performance. For 
nanocrystalline samples, with peaks being broad, Manik and Pradhan
31
 also found that the 
reflections from hexagonal ZnTiO3 are nearly overlapping with the Zn2TiO4. Thus, they 
proposed that the estimation of the quantity of these two individual phases should be taken as 
an approximation only.  
 XPS (Fig. 3.13a) and EDX analysis (Fig. 3.13b) confirmed the absence of any sulfur in the 
multi-regenerated specimen. The overall Zn-to-Ti atomic ratio of the multi-regenerated 
sorbent was 0.97 as compared to 1.1 for the unreacted one. A slight decrease can be 
attributed to the possible zinc loss during the initial reduction step.  
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Figure 3.12: (a) Comparison of the XRD patterns for the fresh and the multi-regenerated sample 
(ZT2) (b) Quantitative comparison of the compositions of the fresh and multi-regenerated  sample 
(ZT2) in terms of the different crystalline phases 
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Figure 3.13: (a) XPS spectrum of the sample after multi-regeneration showing no sulfur being 
present (b) EDS spectra confirming the absence of any sulfur in the multi-regenerated sample. 
 
Figure 3.14 shows BF-TEM and Z-sensitive HAADF-STEM images of a multi-regenerated 
nanofiber with a nanobranch. For the primary fiber, higher contrast (red) near the edges suggests 
zinc enrichment of the surface. The secondary nanorod also shows slightly higher contrast near 
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the surface as compared to the core. Thus, it is possible that with progressive regeneration, the 
surfaces are getting zinc-enriched. This seems to be in agreement with observations and further 
supports our proposed mechanism for secondary nanobranch formation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.14: HAADF-STEM images of a multi-regenerated fiber ZT2 having a side-branch 
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High-magnification SEM images  
Figure 3.15 and Figure 3.16 shows SEM images of fresh, regenerated, sulfided fibers 
from sample ZT1 and ZT2. 
HR-SEM images of ZT1 
Fresh (Average Grain Size: 40±14 nm) 
 
Regenerated (Average Grain Size: 45±19 nm) 
Sulfided Primary Fiber (Grain size: 88±32 nm)  
 
 
 
 
 
 
 
 
 
 
 
 
   Secondary branch (Grain Size: 38±13 nm) 
 
 
Figure 3.15: High resolution SEM images of sample ZT1 
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Figure 3.16: High resolution SEM images of sample ZT2 
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Nanorods (branches) in ZT2 persisted after multi-regeneration, as validated by the following 
SEM and TEM images (Figure 3.17). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.17: Representative SEM and TEM images of ZT2 after multi-cycle experiment showing 
distinctive secondary nanorods 
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Figure 3.18: TGA instrument response to cyclic operation. A blank TGA run for an empty sample 
holder subjected to cyclic H2S/O2 exposure, under conditions similar to those in the 
sulfidation/regeneration studies. The baseline weight gain (shown in mg) can be attributed to the tendency 
of the Pt sample holder to adsorb gases like H2S at the operating temperatures (650 C). Upon oxidation, 
the weight gain is reversed, but not completely. This results in a baseline that increases with progressive 
cycles, but eventually saturates. The multi-cycle sulfidation/regeneration measurements (Fig. 3.2c) exhibit 
small baseline weight changes associated with this instrument response. The inset compares the 
instrument readout for the blank run (red) with that for a sample run (black). It must be noted that the 
baseline weight gain (0.11 mg after the first cycle, 0.05 mg after the second cycle, and 0.01 mg after the 
third cycle) is an order of magnitude smaller than the weight gain associated with sample sulfidation 
(approximately 1.75 mg for each cycle).  
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Figure 3.19 compares the weight change vs. time for pre-reduced pre-sulphided ZT1 and ZT2 
during a single-cycle regeneration test. As expected the, initial rate of regeneration is faster for 
the more dendritic ZT1 than ZT2 (3.52E-04 moles/min/g vs. 2.49E-04 moles/min/g). However, 
the overall weight change is larger for ZT2 since it was shown to offer more resistance to 
reduction and zinc loss. 
 
 
 
Figure 3.19: Comparison of weight loss during a single-cycle of regeneration for pre-reduced and pre-
sulphided ZT1 and ZT2 
 
 
Figure 3.20 compares the mean diameter of ZT1’s fresh, sulphided and regenerated fibers. The 
mean diameters were found to be statistically similar in each case (fresh: 435 ± 165nm, 
sulphided: 482 ± 138nm, and regenerated: 420 ± 111nm), suggesting that on average local 
volumetric changes are easily accommodated within the polycrystalline fiber. It should also be 
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noted that the changes in grain sizes between sulfidation and oxidation result from 
recrystallization events: chemical phase transformation during sulfidation/oxidation induce the 
nucleation of new grains at the expense of old ones. This is different from thermal 
expansion/contraction of grains, where the identity of the grains is preserved. The latter would 
result in large mechanical stresses, whereas recrystallization is often associated with mechanical 
relief.  
 
 
 
Figure 3.20: Comparison of the fiber size distribution for ZT1: fresh (435 ± 165nm), sulfided (482 ± 
138nm), and regenerated (420 ± 111nm) fibers.  
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3.12. Conclusion 
In summary, it was found that oxides with nanofibrous morphology can sustain their initial 
reactivity and sulfur removal capacity over multiple regeneration cycles without suffering 
physical fragmentation or aggregation. This study underscores the importance of sorbent 
morphology in influencing sorbent activity and regenerability. In particular, we demonstrated 
that a branched nanofibrous architecture for Zn-Ti-O based adsorbents offers significantly 
enhanced sorbent reactivity and recyclability, without needing to cycle temperature. Zn-Ti-O 
based nanofibrous mats offer rapid reaction rates and efficient material utilization by overcoming 
rate limiting transport resistance, which often affects conventional pellet-based sorbents. 
Problems of higher energy use, sluggish reactions, incomplete regeneration and progressive 
decline in activity were successfully mitigated. Higher reactivity enables regeneration to be 
carried out at a temperature that is identical to the sulfidation step, preventing damage and extra 
energy use caused by alternating temperatures. The fibers’ 1D nanostructure helped in 
minimizing diffusion resistance and facilitated in-situ formation of specific heirarchichal 
structures comprised of wurtzite. Such unique features, only found in nanostructured sorbents, 
may be of utility to many applications involving gas-solid reactive systems, especially ones 
relying on fast reversible reactions like environmental cleanup and gas sensing. Future studies 
are needed to fully understand and optimize the response of the proposed sorbent morphology for 
different feedstocks and processing conditions prevalent in industry 
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Chapter-4 
 
Conclusions and Future Work 
 
4.1. Chapter-wise conclusions 
In chapter 2, role of strong metal – metal oxide interaction was found to be influential not 
only in accelerating the surface reactions but also improving the solid-state reactivity of the 
oxide. This is the first time such phenomena have been studied in context with solid state 
conversion.  It was shown that the phenomenon of metal-substrate interaction in gold promoted 
zinc oxide system not only helps in creation of more reactive surface sites for surface hydrolysis 
of TAA, it can also have long-range influence on the bulk chemistry of ZnO, making the oxide 
more reactive towards solid state transformations. Addition of gold to ZnO resulted in higher 
equilibrium concentration of defects in the bulk ZnO along with the formation of new acidic sites 
on surface. This reduced the overall energy barrier by around 20 kJ/mol. The results are in 
agreement with the emerging literature that shows that the vacancies in metal oxides, which 
traditionally had been thought to be only a localized phenomenon, can actually influence the 
overall solid-state reactivity. Future studies are needed that further illustrate the complex 
mechanism of this multi-step reaction and verify the rate-controlling step. It will be interesting to 
find different combination of metal and metal oxides that exhibit such synergy and possibly 
identify in more detail the optimal electronic structure needed for a given two component system 
that can complement each other in achieving higher overall reactivity.  
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In chapter 3, sol-gel based electrospinning was used to synthesize composite zinc and 
titanium oxide adsorbents in the form of non-woven fiber-mats. These fiber mats were 
characterized by substantially high specific surface areas: 151.7 and 90.1 m
2
/g respectively. 
Fibers were then characterized for their internal crystal structure and surface morphology 
using the techniques of XRD, SEM and TEM. The major findings from the characterization 
of the fresh specimens are as follows: 
 XRD results and selected electron diffraction done using TEM confirmed that the 
electrospun fibers, obtained after the heat-treatment (post-sintering), are multi-phase and 
polycrystalline in nature. The crystallites formed within a fiber are within the range of 10 
– 15 nm in size. 
 Fiber diameters, ranging from 165 nm to 830 nm, were obtained. It was found that the 
use of inorganic binders, like lithium polysilicate, can help in reducing the spread in the 
fiber diameters. 
 Sol-gel based electrospinning process, which uses zinc acetate and titanium isopropoxide 
as the ceramic precursors, can result in formation of at least two distinct phases of Zinc 
titanate, namely hexagonal ilmenite zinc meta-titanate (ZnTiO3) and cubic inverse spinel 
- zinc orthotitanate (Zn2TiO4) (post-calcination at 600C). 
 Any zinc or titanium, present in excess of stoichiometric quantity, ends up as zinc oxide 
or titanium oxide respectively.   But if sintering is being carried out at higher 
temperatures (greater than 600 C), any free zinc tends to get lost rapidly (before solid-
solid or gas-solid reaction can occur) due to its highly volatile nature and pure zinc oxide 
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may not be present in the product mixture. As a result, mixed metal oxide phase (ZnTiO3) 
may again become the major crystalline component (for starting Zn/Ti > 3).  
These fresh specimens were subsequently tested for their high temperature reduction 
behavior. Investigation of the reduction behavior is important for any cyclic sulfidation-
regeneration operation as it determines the durability and resistance of the sorbent specimens 
to the potential deactivation that may occur due to highly reducing gases present in the raw 
syngas. Temperature controlled reduction was carried out using a Thermo-gravimetric 
Analyzer (TGA). Fiber-based sorbents with Zn-to-Ti ratio closer to one were found to be 
more resistant to deactivation caused by reduction. The major findings from the reduction 
experiments are as follows: 
 Nanocomposites (zinc + titanium oxides) were found to possess much higher resistance 
to the deactivation caused by the reduction. The effect was particularly strong if the zinc-
to-titanium ratio was closer to one.  
 During the reduction reaction, different compositions of the mixed oxide sorbent 
exhibited different regimes with different rate-controlling steps. More zinc content in the 
sorbent implied that the overall reaction rate was controlled by the gas-film diffusion 
step. 
 Product layer diffusion step becomes rate controlling if there is comparable zinc-to-
titanium content (as in Sample -2a). In such sample, shrinking-core mechanism can be 
seen in operation in which inert product layer grows as the active core shrinks. This is 
distinct from the shrinking – particle mechanism (as seen in sorbents with higher zinc 
content), in which the main product is not solid (Zinc vapors) and the reaction proceeds 
as the entire sorbent unit starts shrinking in size. 
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 The weight loss was attributed to the free zinc oxide. The sorbent with higher mixed 
metal oxide content was found to be almost immune to reduction. 
 No evidence of surface accumulation of elemental zinc was found. 
Sulfidation experiments were carried out at isothermal conditions of 600C in a TGA with 
1% H2S (rest N2) gas stream. Following is the summary of the major results from the 
sulfidation experiments 
 Mixed metal oxide (Zn-Ti ratio ≈ 1.1) based nanofibrous sorbent specimens (Sample-2a) 
found to be equally or more reactive than the specimens rich in free zinc oxide (Sample-1 
with Zn-Ti ratio ≈ 3.7, both specimens being pre-reduced). This may suggest higher 
density of active sites and surface defects in polycrystalline complex oxides when 
compared to simple metal oxide surface. 
 Equivalent grain model was used for identification of regime and the rate-controlling 
step. For majority of the reaction duration, chemical reaction step was found to be the 
rate-controlling step rather than the product layer diffusion – an indication of minimal 
mass transfer resistance offered by the nanofibrous sorbent specimens (Regime analysis 
performed on Sample-2a only). 
 Growth of hierarchical / dendritic structures, emanating from the parent composite fiber, 
was observed during the sulfidation. This was attributed to specific simultaneous 
occurrences of the polar planes of ZnS/ZnO as fiber outer surface along with locally high 
gas (H2S) / vapor (Zn) concentration. These structures may lead to increased specific 
area. 
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 Post-sulfidation, no sulfate formation was detected. Absence of formation of any sulfate 
compounds during the sulfidation of nanofibrous zinc titanate adsorbent is expected to 
improve the chances of achieving complete regeneration. 
 Formation of wurtzite phase during sulfidation, a distinct crystal form of zinc sulfide, was 
seen as another potential advantage of using nanostructured sorbent morphology. 
Although bulk wurtzite is only metastable at temperatures less than 1020C, wurtzite, in 
its nanocrystalline form, was apparently stable at lower temperatures as well (≈ 600C). 
Wurtzite tend to oxidize directly to zinc oxide whereas oxidation of sphalerite (another 
ZnS crystal form) has been reportedly linked with the formation of ZnSO4 and 
Zn3O(SO4)2. 
Regeneration experiments were carried out at the same temperature as the sulfidation 
(600⁰C) with a gas stream containing 3% O2 (rest nitrogen) flowing at 200 ml /min. 
 Sorbent specimens rich in zinc titanate showed faster kinetics than the zinc oxide 
sorbents (both pre-reduced). 
 Complete regeneration was achieved at the same temperature at which the sulfidation was 
carried out (600C). Typically, the regeneration time needs to be raised by at least a 
couple of hundred degrees centigrade before the regeneration even begins. 
 No sulfate formation detected post-oxidation even when the regeneration temperature 
was kept same as the sulfidation temperature. This can be partly attributed to the 
formation of wurtzite form of ZnS. 
 Structural properties of the sorbent specimen like the fibrous morphology, grain size of 
the fresh sorbent remained intact in the regenerated specimens 
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Above-mentioned findings are promising and tend to confirm the main propositions of this 
work that the sorbent morphology and overall structure influence the sorbent performance as 
much as the compositional modifications. In fact, some of the troubling aspects about the 
compositionally-enhanced metal oxides like lower reactivity, requirement of high 
regeneration temperatures, mass transfer controlled overall rate and the resultant incomplete 
regeneration, were  found to be absent in the above nanostructured sorbent specimens. These 
additional benefits of such structurally-enhanced sorbents when combined with the 
advantages mixed metal oxide compositions can help in the development of multi-cycle fully 
regenerable sorbents with longer lifetimes, as required by any economic process. These 
results may serve as a basis for further studies on regenerable nanostructured sorbents. 
 
4.2. Future Work 
In Chapter-3, only a simplified grain model was used to figure out the rate-controlling step. In 
future, more complex forms of kinetic modeling, like overlapping grain model, can also be used 
to predict the overall mechanism and associated evolution in the sorbent structure and reactivity. 
Another area of focus could be the application of such nanostructured sorbents for different 
applications like purification of the inlet gas to high temperature solid oxide fuel cells (SOFCs) 
which operate on fuels with some sulfur loading (like gasoline). Because of the fast overall 
reaction rates associated with such nanostructured sorbents, they can potentially be used as sulfur 
sorbents in applications where rapid cycling is equally important as the net capacity. Even 
applications requiring multi-component adsorption by a single sorbent can benefit from such 
structured sorbents. The results from such investigations may help in identifying the different 
ways in such nanostructured sorbents could prove to be useful. 
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Investigating and identifying active sites on the surfaces under reactive operating conditions 
using operando spectroscopy could be another interesting area of research, which may also 
provide a way to rationally tailor the properties of the sorbent to provide the highest reactivity 
specifically for a given application. The reported finding that when nanostructured, the pre-
reduced zinc titanates become more reactive than the simple zinc oxide specimens could 
probably be explained more rigorously  if the surface density and the nature of the active sites is 
well-understood.  
On the subject of oxide-metal nanocomposites work, it will be interesting to examine the effect 
of different metals on ZnO. One important parameter that will need attention when selecting 
different metals is by what amount it can lower the oxygen vacancy formation energy in ZnO.  
Another prospect is to use different oxides instead of ZnO. While selecting oxide, its 
thermodynamics of sulfur sorption, that will determine the capacity of the sulfur removal, should 
be taken in account along with the kinetics-related concerns. Only few oxides can improve upon 
the thermodynamics of ZnO, especially when dealing with sulfur-containing molecules like H2S. 
Oxides with differing surface acidities may create different nature of surface sites that participate 
in reaction. Therefore, surface and bulk issue may need to be further optimized for a new oxide. 
Examining the effect of dopants is also an interesting future problem. It may provide added 
advantages since by using dopants we can engineer the band structure of the oxide to further 
improve the adsorption of a desire sulfur molecule by carefully fine-tuning oxide’s band-
structure to that of the energy levels of anti-bonding orbitals of adsorbing molecule thereby 
facilitating improved band-orbital mixing and higher overlap between the two.  
